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The skeletal system is important to the body both biomechanically and metabol-
ically. It is made up of individual bones and the connective tissue that joins
them. It is the main loading bearing part of the body and protects major or-
gans. The focus of this study is trabecular bone, which is typically found at the
ends of long bones and within the interior of vetebrae. Trabecular bone has an
open, honeycomb structure.
The trabecular bone’s deformation is time-dependent rather than instan-
taneous when it is subjected to a load, this implies that it undergoes creep,
i.e. its deformation increases with time, even when the load is constant. This
study conducted multiple-load-creep-unload-recovery experiments on trabec-
ular bone and the results show that the time-dependent response is related to
porosity. Using the experimental data, computational models were developed
that can be used to account for the nonlinear response of bone with load level
and its irrecoverable deformation on load removal. These can be applied in the
modelling of mechanical behaviour of bone and bone-implant systems.
Trabecular bone is a composite material which consists of a mineral phase,
organic phase and water assembly into a complex, hierarchical structure. This
study examined the contribution of the individual constituents, mineral and or-
ganic phases, to its mechanical behaviour. The organic phase of bone stiffens
with increased load levels in tension, while experienced softening in compres-
sion. It presents time-dependent response which is nonlinearly related to load
iv
levels. The strength and stiffness of the mineral phase increases with decreas-
ing porosity of bone.
The developed time-dependent constitutive model was implemented in a
bone-screw finite element model. This thesis shows that clinically observed
loosening of implants is not simply caused by high strains but accentuated by
deformations at the bone-screw interface. The interface deformations increase
with increasing number of cycles of loading that result from normal physiolog-
ical loading. The results also show that higher loading frequency and higher
porosity increase the risk of implant loosening.
Abstract
Trabecular bone is a porous composite material which consists of a mineral
phase (mainly hydroxyapatite), organic phase (mostly type I collagen) and wa-
ter assembled into a complex, hierarchical structure. In biomechanical mod-
elling, its mechanical response to loads is generally assumed to be instanta-
neous, i.e. it is treated as a time-independent material. It is, however, recog-
nised that the response of trabecular bone to loads is time-dependent. Study
of this time-dependent behaviour is important in several contexts such as: to
understand energy dissipation ability of bone; to understand the age-related
non-traumatic fractures; to predict implant loosening due to cyclic loading; to
understand progressive vertebral deformity; and for pre-clinical evaluation of
total joint replacement.
To investigate time-dependent behaviour, bovine trabecular bone samples
were subjected to compressive loading, creep, unloading and recovery at mul-
tiple load levels (corresponding to apparent strain of 2,000-25,000 µε). The
results show that: the time-dependent behaviour of trabecular bone comprises
of both recoverable and irrecoverable strains; the strain response is nonlinearly
related to applied load levels; and the response is associated with bone vol-
ume fraction. It was found that bone with low porosity demonstrates elastic
stiffening followed by elastic softening, while elastic softening is demonstrated
by porous bone at relatively low loads. Linear, nonlinear viscoelastic and non-
linear viscoelastic-viscoplastic constitutive models were developed to predict
trabecular bone’s time-dependent behaviour. Nonlinear viscoelastic constitu-
vi
tive model was found to predict the recovery behaviour well, while nonlinear
viscoelastic-viscoplastic model predicts the full creep-recovery behaviour rea-
sonably well. Depending on the requirements all these models can be used to
incorporate time-dependent behaviour in finite element models.
To evaluate the contribution of the key constituents of trabecular bone and
its microstructure, tests were conducted on demineralised and deproteinised
samples. Reversed cyclic loading experiments (tension to compression) were
conducted on demineralised trabecular bone samples. It was found that dem-
ineralised bone exhibits asymmetric mechanical response - elastic stiffening
in tension and softening in compression. This tension to compression transi-
tion was found to be smooth. Tensile multiple-load-creep-unload-recovery ex-
periments on demineralised trabecular samples show irrecoverable strain (or
residual strain) even at the low stress levels. Demineralised trabecular bone
samples demonstrate elastic stiffening with increasing load levels in tension,
and their time-dependent behaviour is nonlinear with respect to applied loads .
Nonlinear viscoelastic constitutive model was developed which can predict its
recovery behaviour well. Experiments on deproteinised samples showed that
their modulus and strength are reasonably well related to bone volume fraction.
The study considers an application of time-dependent behaviour of trabec-
ular bone. Time-dependent properties are assigned to trabecular bone in a
bone-screw system, in which the screw is subjected to cyclic loading. It is
found that separation between bone and the screw at the interface can in-
crease with increasing number of cycles which can accentuate loosening. The
relative larger deformation occurs when this system to be loaded at the higher
loading frequency. The deformation at the bone-screw interface is related to
trabecular bone’s bone volume fraction; screws in a more porous bone are at
a higher risk of loosening.
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1.1 Motivation for current research
Superficially, bones look fairly solid, but looks are deceptive. Most bones are
an elaborate construction, made up of an outer shell of dense cortical bone,
and enclose a core of porous trabecular bone (Gibson and Ashby, 1999). In
some instances (as at joints between vertebrae or at the end of long bones) this
configuration minimises the weight of bone while still providing large bearing
area, a design which reduces the bearing stresses at the joint. In others (as in
the vault of the skull or the iliac crest) it forms a low weight sandwich shell-like
structure. In either case the presence of trabecular bone reduces the weight
while still complying with its primary mechanical function (Gibson and Ashby,
1999).
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Researchers have long sought to understand the mechanical behaviour of
bone. Bones are the main loading bearing members in the body and protect
major organs, it is important to understand how they response when subjected
to loads. Most previous researches have focused on the time-independent
response, for both cortical and trabecular bone in which bone deforms instan-
taneously after load application. The most commonly reported and employed
relationship is between apparent density (ρ) or its bone volume fraction (BV/TV)
of bone with its elastic modulus (E) (Helgason et al., 2008). Experimental tests
and computer simulations have also shown that the yield strain of trabecular
bone is largely independent of BV/TV or its ρ (Bayraktar et al., 2004; Levrero-
Florencio et al., 2016). Obvious nonlinearity in the stress-strain curve has been
observed (Hansen et al., 2008; Keaveny et al., 1994a,b; Kopperdahl and Keav-
eny, 1998; Li and Aspden, 1997; Matsuura et al., 2008).
It has been demonstrated that trabecular bone’s time-dependent behaviour
is qualitatively similar to that of other materials such as ceramic and rubber
(Schoenfeld et al., 1974; Zilch et al., 1980). The importance of this time-
dependent behaviour has been pointed by a number of investigators for: un-
derstanding the energy dissipation ability of bone (Linde and Sørensen, 1993;
Wang and Nyman, 2007); understanding the cause of age-related non-traumatic
fracture (Rapillard et al., 2006); predicting implant loosening due to cyclic load-
ing (Taylor et al., 2002); understanding progressive vetebral deformity (Pollintine
et al., 2009); and pre-clinical evaluation of total joint replacement (Taylor et al.,
2002).
The time-dependent properties of trabecular bone have been experimen-
tally measured using long-term creep test (Bowman et al., 1998, 1994), relax-
ation test (Bredbenner and Davy, 2006; Deligianni et al., 1994; Quaglini et al.,
2009; Schoenfeld et al., 1974; Zilch et al., 1980) and dynamic mechanical ex-
periments (Bowman et al., 1998, 1996; Guedes et al., 2006). The long-term
creep had been investigated for bone samples in which time-varying strain due
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to applied constant load is measured over time until failure (the last part is
denoted as tertiary creep). Limited information can be obtained from long-
term creep experiments, such as relationship between normalised stress level,
steady state creep rate, time-to-failure (Bowman et al., 1998, 1994), which
are difficult to implement in a constitutive model to predict the bone’s biome-
chanical behaviour. Some later studies employed load-creep-unload-recovery
experiments to examine the time-dependent behaviour of bone (Kim et al.,
2012, 2011; Yamamoto et al., 2006), which is allowed to evaluate the recov-
ery (or viscoelasticity) response of bone after creep for a designated time, and
to quantify the irrecoverable strain by evaluating the differences in strain be-
tween creep (which might include irrecoverable strain) and recovery phases.
Yamamoto et al. (2006) reported that trabecular bone behaves nonlinearly after
conduction of creep-recovery experiment to different samples at various corre-
sponding strain levels. To the best of author’s knowledge, there have been no
studies that investigate the time-dependent behaviour of bone at the multiple
stress levels for a given bone specimen. Also, while there have been a num-
ber of studies that have related bone density (or BV/TV) to its time-independent
elastic modulus (Morgan et al., 2003; Odgaard et al., 1997; Zysset, 2003), sim-
ilar relationships between bone volume fraction and time-dependent properties
remain unknown.
With increasing ageing population, which is known to cause deteriorated
bone quality, understanding the mechanical response of bone to loads has as-
sumed increased importance. Bone is a composite material which comprises
of a mineral phase (mainly carbonated hydroxyapatite), organic phase (mostly
type I collagen) and water assembled into a complex, hierarchical structure
(Chen et al., 2011; Wang et al., 2002). Mechanically, collagen and mineral
play very different roles − the elastic modulus of collagen is much lower than
that of the hydroxyapatite, but the former is three orders of magnitude tougher
(Ruffoni and van Lenthe, 2017); while the mineral provides the stiffness, it is
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much more brittle than the collagen. Consequently the effect of the contribu-
tion of bone constituents is important to understand this composite material,
for both time-independent and time-dependent properties.
Bone fracture fixations, either external or internal, require bone screw that
traverses bone and allows load being transferred (MacLeod and Pankaj, 2014).
There are several failure mechanisms, such as plate failure, screw breakage
and screw loosening. Loosening of connective screw is a typically reported
complication in implant usage. Local bone yielding at the interface, due to high
stresses/ strains, can initiate loosening and result in infection and further loos-
ening (Donaldson et al., 2012). However, the role of time-dependent behaviour
on loosening has not been investigated.
1.2 Scope of the thesis
1.2.1 Untreated trabecular bone
• To investigate trabecular bone’s creep and recovery behaviour through
compressive multiple-load-creep-unload-recovery (MLCUR) experiment.
• To examine its nonlinear behaviour with increased stress levels, and es-
tablish if this nonlinear behaviour is related to its bone volume fraction
(BV/TV).
• To develop a simple linear viscoelastic constitutive model based on BV/TV,
which can be readily applied in finite element simulations.
• To develop a more complex nonlinear viscoelastic constitutive model which
fits the elastic response at multiple load levels better.
• To further develop the nonlinear viscoelastic-viscoplastic constitutive model,
which incorporates the irrecoverable strain response.
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1.2.2 Demineralised and deproteinised trabecular bone
• To isolate bone’s main constituents (mineral and type I collagen) from
trabecular bone.
• To investigate both tensile and compressive behaviour of demineralised
trabecular bone (mainly type I collagen) through fully-reversed cyclic ex-
periment.
• To examine the nonlinear behaviour of demineralised trabecular bone
through tensile MLCUR on demineralised samples, and their possible
relationship with BV/TV.
• To develop the linear viscoelastic constitutive model for demineralised
bone and further develop a nonlinear viscoelastic constitutive model.
• To investigate the mechanical properties of deproteinised trabecular bone
(mineral) through monotonic loading.
• To examine the material properties (e.g. strain at failure (εf ), stress at
failure (σf ), etc.) of deproteinised trabecular bone with its BV/TV.
1.2.3 Application of the developed models
• To implement time-dependent behaviour of trabecular bone in the ref-
erential bone-screw system in Abaqus, which is subjected to triangular
cyclic loading at designated loading frequencies.
• To investigate the effect of loading frequency at bone-screw interface by
assigning trabecular bone modelled with BV/TV-based linear viscoelastic
material.
• To investigate the possibility of irrecoverable deformation generated at
the bone-screw interface if trabecular bone is assigned nonlinear viscoelastic-
viscoplastic material.
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• To examine how trabecular bone’s BV/TV influences its deformations at
the bone-screw interface.
1.3 Structure of thesis
This thesis is divided into ten chapters. Chapters 2 and 3 review the literature
on this topic and the relevant theory. Chapter 4 to 9 constitute the main re-
search under taken in this thesis and this is summarised in Fig. 1.1. Chapter
10 discusses the conclusions and future research directions. A brief descrip-
tion of the content of each chapter is provided below.
Chapter 2 reviews the literature that is relevant to this topic. It focuses on
the morphology, mechanical behaviour of trabecular bone and its main con-
stituents (type I collagen and mineral), including time-independent and time-
dependent properties. The current status of researches on bone-screw inter-
face are also discussed.
Chapter 3 briefly discusses theory on time-dependent behaviour. It starts from
phenomenological aspects of time-dependent behaviour to rheological models.
It consists of linear viscoelastic, nonlinear viscoelastic and also viscoplastic
constitutive models. The methods of parameters fitting from MLCUR experi-
ment are discussed.
Part I Experimental Investigation and Constitutive Models Development
for Trabecular Bone
Chapter 4 describes the details of the experimental protocol and conduct
of compressive MLCUR tests. The nonlinear BV/TV-related viscoelastic be-
haviour of trabecular bone is discussed in terms of experimental observations.
Chapter 5 describes the development of time-dependent constitutive models
with increasing complexity: BV/TV-based viscoelastic model from bone’s creep
response to the first cycle; nonlinear viscoelastic model developed from the un-
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loading phase by considering all loading cycles; and the viscoplastic model is
developed by taking the strain differences between the loading and unloading
phases.
Chapter 6 describes the two types of experiments conducted on demineralised
trabecular bone (mainly type I collagen), which are (a) fully-reversed cyclic
loading from tension to compression and (b) tensile MLCUR. The nonlinear
time-dependent behaviour is investigated from experimental observation and
its nonlinear viscoelastic constitutive model is developed.
Chapter 7 investigates the mechanical properties of deproteinised trabecular
bone (mineral) through monotonic loading. Its failure stress, failure strain, elas-
tic modulus and toughness are discussed with respect to BV/TV. The relative
modulus and compressive strength are modelled using cellular solids’ consti-
tutive equations for open-cell cellular solids as a function of relative density.
Part II Application of the Developed Models
Chapter 8 employs the developed BV/TV-based linear viscoelastic constitu-
tive model (from Chapter 5, Sec. 5.2) for trabecular bone in am idealised
two-dimensional bone-screw system. The displacement at the bone-screw in-
terface with loading cycles and loading frequencies is investigated.
Chapter 9 employs the developed nonlinear viscoelastic-viscoplastic constitu-
tive model (from Chapter 5, Sec. 5.3 and 5.4) for trabecular bone in an ide-
alised three-dimensional bone-screw system. The displacement at the inter-
face with increasing cycles, the deformation trend with BV/TV are investigated.
From these conclusions with regard to screw loosening are drawn.
Chapter 10 summaries the conclusions from this study, with a special em-
phasis on BV/TV related time-dependent response of trabecular bone and the
possible application of its time-dependent behaviour. Future work which could
be performed is also outlined.


















































































“The reading of all good books is like conversa-
tion with the finest men of past centuries.”
Rene Descartes
2
Bone structures and mechanics
The skeletal system is important to the body both biomechanically and metabol-
ically. Bones are the main load bearing members in the body and protector of
major organs, it is important to understand their mechanical behaviour.
Here, this Chapter starts with morphology, microstructure of bone, and
the literatures on bone’s time-independent and time-dependent properties are
summarised in Sec. 2.2.1 and 2.2.2. Bone mainly consists of mineral, type
I collagen and water. As a living material, its mineral and collagen content
and/or mineral-collagen ratio changes with age, and it also suffers from bone
disease, such as osteoporosis with age (Sec. 2.3). Therefore, the mechan-
ics on collagen and mineral are particularly important but only a few studies
are currently available (Sec. 2.4). Some experimental considerations are dis-
cussed in Sec. 2.5. The available studies on loosening of connecting screws
in a bone-screw system are summarised in Sec. 2.6.
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2.1 Morphology
2.1.1 Cortical and trabecular bone
There are two main types of bones, cortical bone (also known as compact
bone) and trabecular bone (also known as cancellous or spongy bone). Corti-
cal bone is a dense, solid mass with only microscopic channels. Approximately
80% of the skeletal mass in the adult human skeleton is cortical bone, which
forms the outer wall of all bones and is largely responsible for the supportive
and protective function of the skeleton (Cowin, 2001). It has a much lower
surface area than trabecular bone due to its lower porosity.
The remaining 20% of the bone mass is trabecular bone, a lattice of large
plates and rods known as the trabeculae, found within flat and irregular bones
(e.g. vertebral bodies) and at the ends of long bones, and it has an open,
porous structure (Cowin, 2001). Here, in this thesis, only trabecular bone’s
mechanical properties are investigated.
2.1.2 Composition and hierarchical structure of bone
A critical issue that distinguishes trabecular bone from many other biological
tissues is its substantial heterogeneity, which leads to wide variations in me-
chanical properties (Keaveny et al., 2001). The trabecular bone enclose a
three-dimensional, interconnected, open porous space, resulting in a porous
material (Gibson, 2003). The pores are filled with bone marrows and cell in-
vivo.
Bone is a complex, hierarchical material. It is essentially a multi-phase
composite consisting of organic phase (32–44% bone volume (BV)), inorganic
phase (33–43% BV) and water (15–25% BV) (Olszta et al., 2007). The organic
phase is composed of collagen type I (approx. 90%) and non-collagenous
proteins (NCPs) (approx. 10%) (Olszta et al., 2007). The composition of the
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inorganic (mineral) component can be approximated as hydroxyapatite (HA),
with the chemical formula Ca10(PO4)6(OH)2.
It can be described in terms of 5 hierarchical levels of organisation (Hamed
et al., 2012a), as shown in Fig. 2.1:
Level 1: Elementary components of mineralised tissue (sub-nanoscale)
The sub-nanostructures of the three main materials are HA, collagen molecules
and water (Hellmich et al., 2004).
• Needle (not mature) or plate-shaped (mature) mineral crystals consisting
of impure hydroxyapatite with typical 1 to 5 nm thickness, and 25 to 50
nm length.
• Long cylindrical shaped collagen molecules with a diameter of about 1.2
nm and a length of about 300 nm, which are self-assembled in staggered
organisation schemes (fibril) with characteristic diameters of 50 to 500
nm.
• Water plays an important role in the bio-mineralisation process and serves
as a plasticiser, enhancing the toughness of bone.
These components have very different mechanical properties: the mineral is
stiff but brittle while the (wet) protein is much softer but also much tougher than
mineral. Remarkably, the composite combines the optimal properties of both
components, the stiffness and toughness (Fratzl et al., 2004).
Level 2: Mineralised collagen fibrils (nanoscale)
Cross-linked collagen molecules are triple helical protein chains with 40 nm
gaps between ends (Hamed et al., 2012a). Neighbouring collagen molecules
are offset 67 nm resulting in a banded structure have been suggested by
Weiner and Wagner (1998) and Fratzl et al. (2004). Collagen is formed first,
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Figure 2.1: A schematic showing hierarchical structure of trabecular bone:
Basic constituents of bone (a), a collagen water composite formed by cross-
linked collagen matrix containing some pores filled with water and NCPs (b), a
HA water composite built up by an HA crystal containing some intercrystalline
pores within filled with water and NCPs (c), a mineralised collagen fibril made
up from collagen-water and interfibrillar HA-water minerals (d), an extrafibrillar
HA foam made up from HA minerals and some pores in-between them hosting
water and NCPs (e), a coated fibril formed through the interaction of mineralised
collagen fibrils and extrafibrillar HA foam (f), a single lamella built up from the
coated fibrils matrix perforated by lacunar cavities (g), several lamellae with dif-
ferent fibril orientation stacked together to form a single trabeculae (h) and a
trabecular bone as a porous network of trabeculae (i). Adapted from Hamed
et al. (2012a)
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followed by mineralisation, which involves the filling up of gaps and spaces
in-between collagen molecules as well as those outside with HA nanocrystals
(Hamed et al., 2012a). Such mineralised collagen fibrils are the basic building
blocks of both cortical and trabecular bone types (Fratzl et al., 2004; Weiner
and Wagner, 1998).
Level 3: Single lamellae (sub-microscale)
Spanning from one to few micrometres, single lamellae contains mineralised
collagen fibrils which are aligned preferentially to form a single lamellae of
thickness approximately 3 to 7 µm. Spaces between the fibrils are filled with
randomly arranged minerals forming a porous foam-like structure.
Level 4: Single trabeculae (microscale)
Ranging from tens to hundreds micrometres, single trabeculae represents a
trabecular bone tissue. It is made of trabecular bone packets (Cowin, 2001)
(consisting of layers of lamellae oriented in different directions) and cement
lines, which form trabeculae, and an interstitial bone at interconnects of tra-
beculae.
Level 5: Whole bone (mesoscale)
In trabecular bone, the pores typically in the order of 1 mm are filled with bone
marrow, fat and bone cells. In cortical bone, this level represents randomly
arranged osteons embedded in an interstitial lamella, with some resorption
cavities, all surrounded by circumferential bone.
2.1.3 Micro-architecture indices
Micro-computed tomography (µCT) allows direct qualitative morphology anal-
ysis on 3D reconstructed images from scanning (Hildebrand et al., 1999).
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This technique allows the non-invasive evaluation of morphological parameters
such as bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular
separation (Tb.Sp), trabecular number (Tb.N), and degree of anisotropy (DOA).
Figure 2.2 shows trabecular bone sample’s 3D reconstructed images with sig-
nificantly different BV/TV.
(a) (b) (c)
Figure 2.2: 3D µCT images (17.22 µm voxels resolution) of trabecular
bone samples with three different BV/TV. Samples taken from (a) the bovine
trochanter (BV/TV = 15%); (b) proximal tibia (BV/TV = 25%); (c) femoral head
(BV/TV = 35%). All samples have the same bulk dimensions (3x3x1 mm3).
2.2 Mechanical properties of bone
Studying on the mechanical behaviour of trabecular bone is important as it is
the main loading bearing bone in vertebral bodies (Pollintine et al., 2009) and
also transfers the load from the joints to the cortical bone in long bones (Cowin,
2001). Bone must be stiff and able to resist deformation, thereby permitting
the skeleton to maintain shape, while also be flexible, able to absorb energy
by deforming, to shorten and widen when compressed, and to lengthen and
narrow in tension without cracking (Seeman and Delmas, 2006).
2.2.1 Time-independent behaviour
Bone mechanical properties can be obtained by performing experiments in
which bone is subjected to tension, compression, bending, torsion, shear or
a combination of these. Other approaches such as testing using ultrasound
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(Alves et al., 1996; Turner and Burr, 1993) or numerical homogenisation (Hol-
lister et al., 1991; Levrero-Florencio et al., 2016) have been used to determine
the mechanical properties of bone. There are a number of parameters that
can be used to characterise the elastic and post-elastic behaviour of bone.
The key relationship is that between load applied to bone and its deforma-
tion in response to the applied load. The simplest characterisation comprises
converting load-displacement curve to uniaxial stress (σ) - strain (ε) curve by
simply divided them by effective loading area and effective length of testing
sample, respectively (Fig. 2.3). In these, the elastic and post-elastic regimes
are distinguished using 0.2% strain (ε) offset approach as shown in Fig. 2.3.
It is also well recognised that bone is not an isotropic material (Dempster and
Liddicoat, 1952; Turner et al., 1995); consequently its properties are strongly
direction dependent. Trabecular bone has been often treated as an orthotropic
material with orthogonal planes of symmetry (Ciarelli et al., 1991; Goulet et al.,
1994).
Modulus-density
The slope of the most linear portion of σ - ε curve represents the intrinsic
Young’s or elastic modulus (E) of bone (Fig. 2.3). The reported modulus for
trabecular bone falls in a range of few hundred MPa to few GPa, and the mod-
ulus of bone is also anatomic site dependent and direction dependent (Morgan
and Keaveny, 2001).
The best-established relationship is that between trabecular bone’s elas-
tic modulus and its apparent density (ρ). Investigation on the relationships
between bone morphology and mechanical properties has become more ac-
cessible in the past years. Hence, some of the empirical models related the
time-independent properties with trabecular bone morphology (e.g. BV/TV).
Figure 2.4 shows some established empirical relationships between modulus
and ρ or BV/TV for both cortical and trabecular bone (adapted from Helgason
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Figure 2.3: Typical σ−ε curve for a bone sample under monotonic loading.
It is divided into elastic and plastic regions by the yield point (the stress above
which permanent damage occurs in the bone matrix). The yield point is often
estimated using the 0.2% strain offset method - a line, parallel to but offset from
the linear portion of the curve, is constructed and the intersection point of the
σ − ε curve called yield stress (σy) and yield strain (εy), and the slope denoted
as elastic modulus (E) (Cowin, 2001).
et al. (2008)). It is also recognised that BV/TV in conjunction with additional
bone micro-architecture parameters can provide anisotropic elastic properties
of bone (Maquer et al., 2015).
Yielding
Aforementioned, the slope of the linear portion of σ - ε curve gives its mod-
ulus (E), by offset this line with 0.2% strain (ε), the intersection point with σ
- ε curve called yield stress (σy) and yield strain (εy), respectively (Keaveny
et al., 1994b). Strong linear correlation between stress at which trabecular
bone yields and the corresponding elastic modulus for both tension and com-
pression have been found as shown in Fig. 2.5. It has been demonstrated that
σy in both tension and compression increases in a linear fashion with increas-
ing modulus (Keaveny et al., 1994b). Slope of the line represents the strain at
yielding (εy), this correlation suggests that yield strain (εy) for trabecular bone
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Figure 2.4: Some published empirical relationship between ρ and E. It is
important to note that the relationship shown in figure include both human corti-
cal and trabecular bone (Dotted lines are predictions). Adapted from Helgason
et al. (2008)
are relatively constant (i.e. εy ≈ 0.96 % for compression and εy ≈ 0.56 % for
tension as per Keaveny et al. (1994b)). It is now generally accepted that the εy
of trabecular bone is independent of BV/TV; this has been shown experimen-
tally (Bayraktar and Keaveny, 2004) and computationally (Levrero-Florencio
et al., 2016). Further yielding of bone in strain space is isotropic, i.e. it does
not dependent on the direction of loading (Levrero-Florencio et al., 2016).
During normal daily activities, strain in bone usually does not exceed 3,000
µε (Cowin, 2001), the elastic properties determine its mechanical behaviour
during such activities as experiments have shown that its constitutive behaviour
can be approximated as linear in this range (Keaveny et al., 1994b; Moore and
Gibson, 2002).
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Figure 2.5: Yield stress (σy) vs. elastic
modulus (E) for bovine tibia trabec-
ular bone. Samples loaded in an on-
axis configuration in either compression
or tension. Adapted from Keaveny et al.
(1994b)
Nonlinear behaviour
Obvious nonlinearity in the stress-strain curve has been observed (Hansen
et al., 2008; Keaveny et al., 1994a,b; Kopperdahl and Keaveny, 1998; Li and
Aspden, 1997; Matsuura et al., 2008). After an initial linear phase, the slope
of the load-deformation curve reduces. Further straining in compression can
lead to increased load carrying capacity at very high strain levels due to densi-
fication (Charlebois, 2008). Typical nonlinear compression and tension stress-
strain curves from a monotonic uniaxial loading are shown in Fig. 2.6.
Morgan et al. (2001) conducted monotonic loading on trabecular bone sam-
ples at strain rate of 0.005 ε/s, a clear concave downward nonlinearity in the
initial stress-strain curve was found for all anatomic sites in both compres-
sion and tension. The authors also suggested that viscoelasticity is a poten-
tial cause of this nonlinearity at strains below yield point when samples to be
loaded at such slow strain rate.
2.2.2 Time-dependent behaviour
Following preliminary reports on time-dependent behaviour of trabecular bone
(Schoenfeld et al., 1974; Zilch et al., 1980), it has been shown that trabecu-
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Figure 2.6: Typical nonlinear compres-
sion and tension stress-strain curves
from a monotonic loading for two hu-
man vertebral samples. Adapted from
Kopperdahl and Keaveny (1998).
lar bone has similar time-dependent behaviour to those of demonstrated by
materials such as rubber.
Study of this time-dependent behaviour is important in several contexts
such as: to understand energy dissipation ability of bone (Linde and Sørensen,
1993; Wang and Nyman, 2007); to understand the age-related non-traumatic
fracture (Rapillard et al., 2006), to predict implant loosening due to cyclic load
(Taylor et al., 2002), to understand progressive vertebral deformity (Pollintine
et al., 2009), and pre-clinical evaluation of total joint replacement (Taylor et al.,
2002). Consequently, trabecular bone’s time-dependent behaviour has great
clinical relevance, but it has received relatively little attention.
The time-dependent properties of trabecular bone have been measured
experimentally using creep tests (Bowman et al., 1998, 1994; Kim et al., 2012,
2011; Novitskaya et al., 2014; Yamamoto et al., 2006) in which time-varying
strain due to applied constant load is measured over time; relaxation tests
(Bredbenner and Davy, 2006; Deligianni et al., 1994; Quaglini et al., 2009;
Schoenfeld et al., 1974; Zilch et al., 1980) in which time-varying force due to
applied constant deformation is measured over time; and dynamic mechanical
analysis (Bowman et al., 1998, 1996; Guedes et al., 2006) in which the lag
between sinusoidal stress and strain is measured over a frequency range. The
detailed theory and acquisition on parameters of time-dependent material will
be discussed in Chapter 3.
20 Chapter 2. Bone structures and mechanics
Creep
Some authors attempt to understand the time-dependent behaviour of trabec-
ular bone by conducting prolonged creep test in which the applied force is kept
constant until bone sample failure. Similar to other time-dependent material
(ceramic, rubber, cortical bone, etc.), trabecular bone exhibits three classic
phases of creep when subjected to a step load: an initial rapid response, fol-
lowed by a steady-state creep at an almost constant creep rate and finally
a rapid increase in strain just before fracture, which are called primary, sec-
ondary and tertiary creep, respectively (Bowman et al., 1998, 1994) (Fig. 2.7).
Figure 2.7: Typical long-term
creep strain vs. time curve for
trabecular bone. Adapted from
Bowman et al. (1994).
There are number of terms can be defined from the typical three-stage
creep curve. Normalised stress (σ/E0) is defined as the ratio between applied
stress level and its intact modulus, which can reduce scatter of data due to
inter-sample variation of density and microstructure (Caler and Carter, 1989).
The steady state creep rate (ε̇cre = dε/dt) is defined as the slope of the creep
strain vs. time curve in the central portion of the secondary regime. The time-
to-failure (tf ) is defined as the time at the intersection of the straight line of
secondary - offset by 0.5% strain to increase reproducibility - and the later part
of the tertiary creep regimes (Fig. 2.7).
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A strong power law relationships of the type tf = a(σ/E0)b and ε̇ = a(σ/E0)b
have been reported between the normalised stress (σ/E0) and both time-to-
failure (tf ) and steady state creep rate, ε̇cre, with r2 > 0.82 and the power
term not equal to unity (Bowman et al., 1994), which implies that the trabecular
bone’s creep behaviour is not in linear. Some published data are shown in
Table 2.1. The negative power terms relating tf to σ/E0 indicated that with
increased normalised stress levels, the shorter time is needed for fracture to
occur. Bowman et al. (1998) pointed out that repetitive, low-intensity loading
from daily activities can generate damage in trabecular bone, and the damage
accumulation in the bone due to creep load may play a role in clinical problems
by reducing the strength of bone.
Later, the load-creep-unload-recovery experiments were employed to ex-
amine the time-dependent behaviour of bone (Fig. 2.8), which had been used
successfully previously for other time-dependent material, such as rubber. These
novel experiments allowed examination of the recovery behaviour of bone, to
quantify the residual strain and the differences between creep (when load is
constant) and recovery (after load is removed) behaviour. This creep-recovery
experiment have been conducted on cadaveric vertebral trabecular bone sam-
ple (Kim et al., 2011; Yamamoto et al., 2006), rat vertebral bodies (Kim et al.,
2012) and human proximal tibia samples (Novitskaya et al., 2014).
A clear nonlinear time-dependent behaviour of trabecular bone was ob-
served by Yamamoto et al. (2006), when the samples were subjected to dif-
ferent static strain levels. In this cited study, samples were held at a constant
stress for almost 35 h, and considerable residual strain was observed although
they were allowed 35 h of recovery. The authors also suggested that this ir-
recoverable strain is possibly related to age-related vertebral morphology frac-
tures. Specifically, Kim et al. (2011) found that the unloading modulus is signif-
icantly higher than its loading modulus, which implies that a reorganisation of
micro or ultrastructural components of bone caused by creep may happen.
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Figure 2.8: Typical stress and strain
response from a load-creep-unload-
recovery experiment. Stress vs. strain
(a) and strain development with time dur-
ing loading and unloading periods (b).
Adapted from Kim et al. (2011).
Kim et al. (2012, 2011) reported that the trabecular bone with thinner tra-
beculae and greater connectivity were associated with increased logarithmic
creep rate. In another words, the microarchitecture of trabecular bone is an
important factor in its mechanical behaviour. Novitskaya et al. (2014) observed
the changes in micro-architectural indices evaluated from micro-computed to-
mography (µCT) before and after the creep; the study found that creep induced
changes in trabecular separation and structural model index. Novitskaya et al.
(2014) also found that the steady state creep rate was higher and the final
creep strain was larger for samples with low BV/TV (or apparent density).
Relaxation
Zilch et al. (1980) observed that the stress decreases with time if the trabecu-
lar bone is held at a constant deformation, the authors also reported that the
relaxation function of trabecular bone is anatomic location dependent (e.g. re-
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laxation is greater in the femoral head than in the condyles). Later, Deligianni
et al. (1994) examined the time-dependent behaviour of trabecular bone from
human femoral head in compression through a series of stress relaxation tests
at three strain levels and in three different directions for each cubic samples.
They found that the trabecular bone from human femoral head was nonlin-
ear viscoelastic and displayed anisotropic behaviour. Through a number of
relaxation tests, Quaglini et al. (2009) also reported that the viscoelastic be-
haviour of trabecular bone is nonlinear with respect to its initial applied stress,
i.e. higher stress will result in slower relaxation rate and the smaller the de-
crease in stress at the steady regime.
Bredbenner and Davy (2006) examined the viscoelastic behaviour of tra-
becular bone at low strains and the effects of damage in this viscoelastic
behaviour through a relaxation test, suggested that modelling the observed
change in relaxation times with damage accumulation is necessary to suc-
cessfully predict the post-damage viscoelastic response.
Cyclic loading
Michel et al. (1993) reported that fatigue of trabecular bone was accompa-
nied by increased nonlinearity and hysteresis, and distinctly different patterns
of fatigue for high- and low-stress fatigue. In the early stages of fatigue, the
modulus increases slightly for low stress levels and progressively decreases
for high stress levels; in the final stages of fatigue, there is a rapid drop in
modulus for both cases.
It has been suggested that cyclic loading results in cumulative creep de-
formations in addition to loss of stiffness and failure has been defined as 10%
reduction in the secant modulus from its initial value (Bowman et al., 1998).
Bowman et al. (1998) conducted fatigue tests on bovine proximal tibiae, and
a strong and significant power-law relationship was found between cycle-to-
failure (Nf ), time-to-failure (tf ), steady-state creep rate (dε/dt) and the applied
24 Chapter 2. Bone structures and mechanics
loads. The creep strain included two components: creep damage and viscous
creep, where creep damage was possibly due to breakage of collagen-links
was permanent; while viscous creep, possibly due to sliding of collagen fibrils
or fluid flow, was recoverable.
Moore et al. (2004) reported that different densities of trabecular bone lead
to different fatigue behaviour. By conducting cyclic (1 Hz) compressive step-
wise increasing loads to trabecular bone samples, Topoliński et al. (2011)
found a strong relationship between fatigue life and the BV/TV. They also
found that the size of the hysteresis loops is also dependent on the levels of
loading.
2.3 Ageing and disease of bone
The preliminary researches in human vertebrae indicate that both trabecu-
lar and cortical bone tissue from young adults (age 20-40) have significantly
higher moduli than the older one. In addition, trabecular bone has a lower
moduli than cortical bone. It is of great importance to determine the underlying
microstructure and compositional alterations that result in these tissue prop-
erty changes (Cowin, 2001, Chapter 10). Researchers have begun to address
the age-related change in bone tissue properties, which may have profound
importance in understanding bone biomechanics with ageing and disease.
Loss of bone mass has been considered as the major cause of age-related
change in bone mechanics. A recent study reported that the risk of bone frac-
ture for older women (∼ 75 years old) is about 7%, whereas risk is 1% for
younger individuals (∼ 45 years old) even when they have a similar bone den-
sity level (Wang et al., 2002). Burr et al. (1997) reported that for the same bone
mass, the risk of fracture in older people is greater than that for younger ones,
thus, factors other than the loss of bone mass may be of crucial importance to
the understanding of age-related change in bone’s load carrying capabilities.


































































































































































































































































































































































































































































































































































































































































































































































































































































































































26 Chapter 2. Bone structures and mechanics
Although a number of studies have determined the influence of mineralisation,
osteon morphology, and porosity (Currey et al., 1996; Wang et al., 1998), but
the age-related alterations in quality of collagen matrix and their relationship
with bone mechanics remain poorly understood. Bailey et al. (1999) reported
that there is an age-related decrease in bone collagen content, and it might
indicate an increase in the mineralisation degree. However, they found that
there were no biochemical modifications of bone collagen during ageing.
This has motivated researches to explore the role of collagen modifications
in promoting change in bone biomechanics. Thus, understanding the mechan-
ical properties of bone’s constituents is of great interest and importance.
2.4 Mechanical properties of bone’s constituents
Bone is a composite material which comprises of the mineral phase, organic
phase and water assembled into complex, hierarchical structure (Chen et al.,
2011; Hellmich et al., 2004; Wang et al., 2002), as shown in Fig. 2.9 (also dis-
cussed in Sec 2.1.2). Understanding of main constituents’ (mineral and organic
phases) biomechanical properties and their contribution will help understand-
ing the mechanics of this composite material, therefore, some researchers
have attempted to isolate the constituents from whole bone and conducted
mechanical experiments on each of them.
The study of demineralised and deproteinised bone is considered to be im-
portant from two perspectives. From a biological point of view, osteoclasts and
osteoblasts maintain a balance, which if lost can cause osteoporosis (Castro-
Ceseña et al., 2011). From materials science perspectives, this composite
material formed from mineral and organic phases is able to resist deformation
therefore making load carrying possible without excessive deformation, while
also being sufficiently flexible to enable absorption of shocks and optimised for
stiffness and toughness.
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Figure 2.9: Double period model of cylindrical microfibril. It composed of
(i) five TC molecules shifted by the interval D forming a cylindrical shape with,
(ii) mineral phase filling the gap space (GM model) and the extra-collagenous
space (EM model) and (iii) cross-links joining two TC molecules end (adapted
from Hambli and Barkaoui (2012)).
Mechanically, collagen and mineral play very different roles - the elastic
modulus of collagen is much lower than that of the hydroxyapatite, but the
former is three orders of magnitude tougher (Ruffoni and van Lenthe, 2017);
while the mineral provides the stiffness, it is much more brittle than the colla-
gen. The mechanical properties of mineral and collagen phases is considered
in the following sections.
2.4.1 Mechanical properties of demineralised bone
Acquisition
Organic phase of bone can be obtained by submerge bone into chemical so-
lution (e.g. ethylenediaminetetraacetic acid (EDTA), hydrochloric acid (HCl)),
this process is called demineralisation. Although EDTA solutions have been
used to demineralise bone, use of HCl solutions speed up the process and it
has been used successfully in previous studies (Burstein et al., 1975; Castro-
Ceseña et al., 2013; Chen and McKittrick, 2011; Chen et al., 2011).
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Time-independent behaviour
To evaluate the time-independent mechanical behaviour of the organic phase
of bone, a number of previous studies have undertaken mechanical test on
demineralised bone, almost all of which have been on cortical bone (Bow-
man et al., 1996; Burstein et al., 1975; Catanese III et al., 1999; Novitskaya
et al., 2011, 2013), and the author could find only one study on trabecular
bone (Chen and McKittrick, 2011). These studies are summarised in Table
2.2, and include values of E, εf and σf .
A preliminary study on mechanical properties of demineralised bone was
performed by Burstein et al. (1975), who examined the tensile mechanical
behaviour of progressively demineralised bovine tibia cortical bone by using
HCl solution showed that the ultimate stress σf , yield stress (σy) and elastic
modulus (E) decreased with the degree of demineralisation. Later, Bowman
et al. (1996) investigated tensile behaviour on completely demineralised bovine
humeri and tibiae cortical bone samples by immersing them into EDTA solu-
tion and found that the average modulus was much lower than the modulus
of untreated bone. Bowman et al. (1996) also noted an initial non-linear ‘toe’
region at strain less than 4%, where the Young’s modulus was very small, and
the authors attributed it to the straightening of coiled collagen structure. At
higher strains, the Young’s modulus was found to remain constant, attributed
to stretching of the collagen molecules. Catanese III et al. (1999) compared
the mechanical properties of bovine and human demineralised bone by con-
ducting uniaxial tension tests. The authors reported that both elastic modu-
lus and ultimate strength of demineralised bone were heterogeneous among
different sites. Possible source of this heterogeneity were identified to include
microstructural factors, such as organic weight fraction and porosity (Catanese
III et al., 1999). Further investigation by Novitskaya et al. (2013) found a strong
nonlinear loading response by conducting cyclic loading-unloading compres-
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sion test up to 2% strain on demineralised bovine cortical femur bone.
Chen and McKittrick (2011) tested the fully demineralised bovine proximal
femur trabecular bone under monotonic compression and found that the elas-
tic modulus and compressive strength for demineralised bone was far lower
than that of untreated bone, plastic buckling was observed in demineralised
samples with assistance of scanning electron microscope.
The different pattern of stress-strain loading curve for tension (stiffening)
(Bowman et al., 1996) and compression (softening) (Novitskaya et al., 2013)
are of great importance to gain an insight into understanding the mechanics
for this two-phase composite material.
Time-dependent behaviour
Creep tests were conducted on demineralised cortical bone at various nor-
malised stresses and temperature by Bowman et al. (1999) and three stages
of creep behaviour, primary, secondary and tertiary creep were clearly ob-
served. The nonlinear creep behaviour was observed as the experiments were
conducted at the various normalised stresses (σ/E0), a strong power law rela-
tionship was found between normalised stress (σ/E0) and steady state creep
rate (ε̇cre) (as shown in Table 2.2). Bowman et al. (1999) also reported that the
creep behaviour was also a function of temperature.
2.4.2 Mechanical properties of deproteinised bone
Mineral phase of bone can be obtained by submerging bone into chemical so-
lution (e.g. sodium hypochlorite (NaOCl), sodium hydroxide (NaOH)) and this
process is called deproteinisation. Castro-Ceseña et al. (2013) also reported
that the deproteinisation process faster at the relatively higher temperature,
but the higher temperature may damage collagen. Therefore, to maintain 37
°C (body temperature) during deproteinisation process is necessary.
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Experimental data showed that the deproteinised samples can be mod-
elled as cellular solids, with strong dependence of mechanical properties on
the relative density (Chen and McKittrick, 2011). Chen and McKittrick (2011)
also reported that deproteinised samples with fracture strain less than 1% and
brittle crushing failure mechanism were observed in a monotonic compression
test. The decrease in elastic modulus was reported by a number of studies for
cortical (Manilay et al., 2013; Novitskaya et al., 2011; Wright et al., 1981), and
trabecular bone (Chen and McKittrick, 2011), i.e. mineral phase of bone has
lower modulus than untreated bone.
2.4.3 Bone as a composite material
Composite models of bone help to illustrate the complex interrelationship be-
tween bone microstructure and material properties. In particular, bone is fre-
quently modelled as two-phase composite hydroxyapatite mineral crystals dis-
persed throughout an organic collagen matrix. Currey (1964) was first to use
this modelling approach to explain the mechanical properties of bone on the
basis of its constituent materials. However, it is surprising that even after some
50 years, there is little reliable data on the mechanical properties of deminer-
alised bone. In fact, most models of bone as a two-phase composite material
have been based on collagen modulus values obtained from the mechanical
tests of ox skin performed by Hall (1951).
Hamed et al. (2012a) developed a new theoretical model that predicts the
experimentally measured elastic modulus of cortical bovine femur bone. This
model assumes that cortical bone has a hierarchical structure, which com-
prises an interpenetrating composite of bio-polymers and hydroxyapatite min-
erals, and consists of porosity at different hierarchical levels. Although in this
model the demineralised bone properties was also based on Hall (1951), but
Hamed et al. (2012a) moved a step further and found a close agreement be-
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tween the model and experimental results of deproteinised and demineralised
bone. By employing the volume fraction, Hamed et al. (2012b) also success-
fully predicted the elastic behaviour of trabecular bone.
The elastic modulus of trabecular bone has been derived based on the
measured elastic properties of separate mineral and protein phases by Lubarda
et al. (2012). By adopting the mechanics of cellular solids approach, the moduli
of elasticity of deproteinised and demineralised bone were expressed in terms
of the trabecular moduli of elasticity and the corresponding density ratios using
the power law expressions. Then by incorporating an appropriate weight func-
tion to account for the mineral/protein interaction effects the departure from
the ideal mixture rule was explained. The elasticity of osteoporotic bone was
predicted by modifying the rate of loss of the mineral content and the protein.
These available composite models are limited to predict time-independent be-
haviour of bone.
2.5 Experiment considerations
Bone biomechanical properties vary with anatomic site and are affected by the
age and general health of the donor. In addition, the preparation of bone sam-
ple and experiment set-up can affect the mechanical properties of the tissue.
Important factors include sample hydration, testing temperature and experi-
ment artefacts.
Water loss significantly affects the moduli, strength and toughness of bone.
Nyman et al. (2006) showed bone strength increased with a 5% loss of water
by weight, and the toughness significantly decreased through a loss of plastic-
ity; with water loss exceeding 9%, strength actually decreased, and it caused
toughness to decrease through decreases in strength and fracture strain. For
accurate testing, therefore, it is best to test bone in its hydrated condition.
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This can be done by keeping samples in physiological saline or wrapped with
saline-soaked gauze during the test.
The mechanical properties of bone are influenced by the surrounding tem-
perature. For accurate measurement of mechanical properties, bone sample
should be tested at 37 °C (physiological temperature), however, this is not al-
ways practical. Testing at room temperature (23 °C) increases the Young’s
modulus of bone about 2 to 4% compared with a test at 37 °C (Cowin, 2001,
pp 7-2). Thus, the error caused by testing at the room temperature is not large.
Keaveny et al. (1997) reported that a systematic underestimation error when
using platens for measurement and direct compression of samples; the error to
be in the range of 20-40%. Stress-strain curves from each anatomic site illus-
trate that the end-artefacts in the platens compression test not only introduce
an initial nonlinear region but also reduce the modulus, whereas there is no
indication of any initial nonlinear region with end-cap technique. Therefore, for
testing on bone samples use of end-caps has been recommended to reduce
artefacts.
2.6 Bone-screw system
Bone screws can be used alone or in conjunction with plates to connect frag-
ments of a fractured bone, such as hip fracture (Born et al., 2011), distal
femoral condyle (Wähnert et al., 2010) and tibial plateau fractures (Tschegg
et al., 2008), etc. The typical complications reported in a number of studies is
loosening of the connecting screws, and higher loosening rate for osteoporotic
patients (Galbusera et al., 2015). Loosening also causes patient discomfort.
Clinical findings of screw loosening and failure probably result from bone-screw
separation events and from elevated strains (Sakaguchi and Borgersen, 1993).
This stability of bone-screw system can mainly vary depending on both
screw design variables (size, length, threads) (Bianco et al., 2014; Gorczyca
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et al., 2002), patient variables (bone quality, bone defects) (Conlisk et al., 2016;
Liu et al., 2014) and surgical variations (Taylor and Prendergast, 2015).
2.6.1 Classification of stability
A common pattern of implant or screw stability is typically divided into two
consecutive phases: primary (or initial) and secondary (Taylor and Tanner,
1997). Primary stability happens right after operation and before any biologi-
cally driven bone remodelling takes place, it relies on interlocking and frictional
bone-screw contact phenomena, while secondary stability is accompanied by
a biological process (Steiner et al., 2015).
Primary stability is recognised as an important determinant in the aseptic
loosening (Viceconti et al., 2000). This stability, or the lack of it, is commonly
measured as the amount of relative motion at the interface between the bone
and the screw under load. Large interfacial relative movements reduce the
chance that bone will osseointegrate with the screw, and may cause the for-
mation of a fibrous tissue layer around the screw or implants (Kadir, 2013),
which will exhibit bone remodelling. An accurate evaluation, prediction of the
bone-screw relative micromotion is becoming important in both pre-clinical and
clinical contexts.
2.6.2 Current experimental investigations
Experimental investigations suggested that a common pattern of migration had
an initial phase and this is followed by a slower continuous phase. Numerous
experimental studies have reported similar two phases of migration or loosen-
ing from pedicle screw (Bianco et al., 2016; Johnston et al., 2006), dynamic hip
screw (Basler et al., 2013), distal tibia fracture fixation (Schüller et al., 2008;
Tschegg et al., 2008) and distal radius fracture fixation(Schüller et al., 2009).
All above cited studies observed two clear phases of loosening.
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Apart from bone damage during surgery, some studies (Bowman et al.,
1998; Moore et al., 2004; Rapillard et al., 2006) also report that accumulation
of permanent damage increased with increasing cycles, which may create a
screw fixation weakness and cause loosening. It has become clear that these
implants have a decreased performances, particularly in low density bone.
The nature of both phases of migration suggests that this is a mechanical
phenomenon or at least mechanically triggered, rather than a completely bi-
ological process (Taylor and Tanner, 1997). Experimental investigations give
sufficient information on the whole image of implant history, but it is difficult to
establish a priori location of the maximum bone-implant micromotion. Thus,
finite element analysis (FEA) provides an opportunity to report the relative
micro-motion at each point of the bone-screw interface.
2.6.3 Current status of FE analysis
In computational modelling loosening at the interface has, in the past, been
examined by evaluating strain level after employing time-independent elastic
(MacLeod et al., 2016) or elastoplastic (Bianco et al., 2014; Donaldson et al.,
2012) constitutive models for bone. It is recognised that bones’ response to
loads is time-dependent (Bowman et al., 1994) and some permanent deforma-
tion arises even at low strain levels (< 3,000 µε) (Kim et al., 2011; Yamamoto
et al., 2006).
The high inter-sample variability in morphology between dense and porous
trabecular bone encouraged some researches to include the microstructure
of trabecular bone for peri-implant investigations (Wirth et al., 2012, 2010).
Wirth et al. (2012) reported that the load transfer from the screw to the sur-
rounding bone differed strongly between the continuum and discrete (including
microstructure) models, especially for low-density bone. They also pointed out
significant differences in strain distribution at the peri-implant surface.
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It is important to note that, the above cited studies were able to provide the
peri-implant stress and strain conditions (both peaks and locations) only, but
it couldn’t provide any information on the effects of time and walking cycles.
In an ideal scenario, an implant or screw will be well-fixed in the bone, stay
at the same location and fulfil its task over entire life time (Wirth et al., 2010).
However, since bone has a recognised time-dependent behaviour, cyclic load-
ing induced damage accumulation is also reported to weaken vertebrae (Burr
et al., 1997) and is often associated with loosening of implants (Taylor and Tan-
ner, 1997). None of above finite element (FE) studies reported the fatigue-like
two-phase implant/screw migration, as the time-independent material models
were employed in FEA.
There appears to be only one study which reported that due to the vis-
coelastic response of cortical bone, the bone-implant contact pressure de-
creased with time and suggested that increased the interference (0.1 mm) is of
little help (Shultz et al., 2006). The deformation and interface micromotion for
bone-implant interface with time or walking cycles remains unknown and it is
extremely important to understand the mechanically triggered implant or screw
loosening.
“Give me six hours to chop down a tree and I will





Characterisation of trabecular bone’s time-dependent mechanical behaviour is
one of the main aims of this thesis, therefore, relevant theories and constitutive
models are presented in this chapter.
The phenomenological aspects of three approaches, creep, relaxation and
dynamic loading, are first discussed. Then, from simple rheological models to
more complex time-dependent constitutive models are discussed. Both linear
and nonlinear viscoelasticity are considered and this is followed by discussion
on viscoplasticity. The aspects of experimental observations, including time-
varying creep compliance, steady state creep rate and strain components, are
discussed in Sec. 3.4. Lastly, the methodologies of parameters fitting are
discussed in Sec. 3.5.
38 Chapter 3. Modelling of time-dependent behaviour
3.1 Phenomenological aspects
Experimentally, one seeks to characterise materials by performing simple lab-
oratory tests. In the case of viscoelastic materials, mechanical characterisa-
tion often consists of performing uniaxial tensile or compressive tests similar to
those used for time-independent elastic solids, but with modifications to enable
observation of the time dependency of the material response. The simplest
tests in this respect are: creep, relaxation and dynamic loading (Roylance,
2001).
3.1.1 Creep
The creep test consists of measuring the time dependent strain ε(t) resulting
from the application of uniaxial stress σ0 as a step function as illustrated in Fig.
3.1a (Roylance, 2001). There are several stages of creep development that
can occur in a material, which may eventually lead to failure of the material.
There are three stages of creep response: primary creep (rapid strain rate),
secondary creep (constant strain rate) and tertiary creep (leading to failure).
3.1.2 Relaxation
Stress relaxation is another test which the stress in the material will decrease
over time while being subjected to a constant strain or deformations (Fig. 3.1b)
(Roylance, 2001).
3.1.3 Dynamic loading
Creep and relaxation tests are convenient for studying material response for
long durations (typically in minutes or more), but they are less accurate for
short duration response time. When a time dependent material is subjected
to a sinusoidally varying stress (or strain), a steady state will eventually be
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reached, in which the resulting strain (or stress) is also sinusoidal, having the
same angular frequency but with a phase lag (Roylance, 2001).
(a) (b) (c)
Figure 3.1: Typical time dependent behaviour: creep (a), relaxation (b) and
dynamic loading (c).
3.2 Simple rheological models
The expression ‘visco-elastic’ signifies the dual natures of a material: on the
one hand it behaves in a viscous way, as a liquid, on the other hand elasti-
cally, as a solid. The behaviour of viscoelastic materials under uniaxial loading
may be represented by means of conceptual models composed of elastic and
viscous elements which provide physical insights.
For an ideal solid, Hooke’s law holds: the stress, σ, applied is proportional
to the strain, ε, and the proportionality constant is the modulus of elasticity E,
so σ = Eε. As a simple model, one considers a helical spring with stiffness
E. The response ε of such a spring to a stress σ is schematically indicated in
Fig. 3.2a. Noticeably, the response of loading and unloading both are instan-
taneous without any time dependency, and the strain is fully recovered upon
unloading (Roylance, 2001).
For an ideal liquid, Newton’s law holds: the stress (σ) is proportional to
the rate of deformation dε/dt = ε̇, the proportional constant is the viscosity η,
so σ = ηε̇, as a model, a dashpot is used. Noticeable, there is no instanta-
neous response and no recovery takes place when compared with the spring
(Roylance, 2001) (Fig. 3.2b).
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Figure 3.2: Schematic draw-
ing for rheological model el-
ements. Ideal solid is repre-
sented by a spring (a) and ideal
liquid can be represented as a
dashpot (b).
For a viscoelasic material, combinations of these two elements provide a
variety of models. For example, a spring and a dashpot in series and parallel
are called Maxwell and Kelvin-Voigt models, respectively.
3.2.1 Maxwell model
As shown in Fig. 3.3a, the Maxwell model is constructed by connecting a
spring and a dashpot in a series. In this case, a stress σ applied to the entire
system is applied equally on the spring and the dashpot σ = σs = σd, and
the total strain response can be divided into strain from the spring (εs) and the
strain from the dashpot(εd). Thus, total strain is given by
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where τ = η/E and σ̇ = dσ/dt. This expression is a governing equation for
Maxwell model. Note that it contains time derivatives, so that simple constant
of proportionality between stress and strain does not exist. Eq. 3.3 can be
solved for stress, σ(t), once ε(t) is specified, or for the ε(t) if the σ(t) is speci-
fied.
In a stress relaxation test, a constant strain ε0 acts as the ’input’ to the mate-
rial, and the stress response can be obtained through integration as (Roylance,
2001):
σ(t) = ε0Eexp(−t/τ) (3.4)









The Maxwell model, handles creep-recovery badly, but it accounts fairly well
for relaxation (Fig. 3.3a).
Figure 3.3: Schematic drawing of simple rheological models for viscoelas-
tic material: Maxwell (a) and Kelvin-Voigt (b) model.
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3.2.2 Kelvin-Voigt model
Consider next the other two-element model, the Kelvin-Voigt model (Fig. 3.3b),
which consists of a spring and a dashpot connected in a parallel arrangement
(Marques and Creus, 2012). The total stress σ applied to the system will be
shared by the spring (σs) and the dashpot (σd), while the strain ε of the system
will be equal to the strains occurring in the spring (εs) and the dashpot (εd):
σ = σs + σd (3.6)
with
σs = Eε σd = ηε̇ (3.7)
Consequently (Kelly, 2013, Chapter 10),
σ = Eε+ ηε̇ (3.8)
Thus stress relaxation and creep tests give






respectively. Clearly, the Kelvin-Voigt model handles creep and recovery fairly
well, but it does not account for relaxation.
3.3 More complex constitutive models
This study employs creep-recovery behaviour of trabecular bone, so the theory
discussed in this Chapter will largely focus on creep behaviour.
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3.3.1 Linear viscoelastic model
Both model, Maxwell and Kelvin-Voigt, are generally poor and limited in their
quantitative representation of the actual viscoelastic response. In order to im-
prove the representation, number of parameters need to be increased by com-
bining a number of springs and dashpots, so called Boltzmann superposition
principle (Park and Schapery, 1999). In this the viscoelastic strain is given by






where Dg is instantaneous compliance that describes the elastic response at
time t=0, ∆D(t) is the transient creep compliance that evolves with time, and
σ is the applied stress. For a creep-recovery experiment, the plateau stress
(σ) is applied at t = 0 and removed at t = ta, by substituting this step input
of stress into equation, for the loading phase (0 < t < ta) the creep strain is
obtained as:
εcre(t) = Dgσ + ∆D(t)σ (3.12)
and for unloading phase (t > ta) the recovery strain is given by
εrec(t) = εcre(t)− εrec(t− ta)
= [∆D(t)−∆D(t− ta)]σ
(3.13)
The transient compliance ∆D(t) is well described by using generalised Kelvin-
Voigt model (Fig. 3.4a), which comprises of n Kelvin units in series. It is also
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so, for a linear viscoelastic material the strain variation under the constant
stress can be expressed as




where Di, the retardation strengths, λi, reciprocal of retardation times (1/τi,
where τi is retardation times) and n, the number of Prony terms or number
of Kelvin units, are positive constants. These parameters can be determined
by minimising the error between experimental curve and Eq. 3.15 by using a
nonlinear least-squares fit method under prescribed number of Prony terms.
(a) (b)
Figure 3.4: Schematic drawing of generalised model for viscoelastic ma-
terial: Generalised Kelvin-Voigt model (a) and generalised Maxwell model (b).
Creep compliance functions obtained from experiments can be easily con-
verted to relaxation functions, by using interconversion methods proposed by
Park and Schapery (1999), the relaxation modulus function can be expressed
as:




where Ee is the equilibrium modulus, Ei and ρi are the relaxation strengths
and relaxation times, respectively. It can be described by generalised Maxwell
model (Fig. 3.4b), which comprises of m + 1 constituent elements in parallel,
with m Maxwell models and an isolated spring (to represent solid behaviour).
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The creep compliance function can also be converted to complex modulus,
as proposed by Park and Schapery (1999):




ω2τ 2j + 1
(3.17)




ω2τ 2j + 1
(3.18)
where D′(ω), D′′(ω) and ω are storage compliance, loss compliance and load-
ing frequency, respectively. Loss tangent, tan(δ), is defined as the ratio of loss





3.3.2 Nonlinear viscoelastic model
A linear viscoelastic material must meet the following criteria,
• The Boltzmann superposition principle is applicable
• Creep compliance is stress level independent
If any of the conditions for linear viscoelasticity is not satisfied, the viscoelastic
behaviour is considered to be nonlinear. The nonlinearity can be influenced by
number of factors, such as applied stress level, strain rate and temperature.
The Schapery single integral constitutive equation of nonlinear viscoelas-
ticity (Schapery, 1969) was derived from fundamental principles by utilising the
concepts of irreversible thermodynamics in a small strain context. In this model
the nonlinear viscoelastic strain is given by
εnve(t) = ggD0σ + g1
∫ t
0
∆D(ψt − ψτ )d(g2σ(τ))
dτ
τ (3.20)
where g0, g1 and g2 are stress-dependent nonlinear viscoelastic parameters.
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The parameter g0 is a nonlinear instantaneous compliance parameter, the tran-
sient nonlinear parameter g1 measures the effect of nonlinearity in the transient
compliance, and the g2 describes the effects of loading rate on the transient





ασ(τ ′)αT (τ ′)αe(τ ′)
(3.21)
where τ ′ is a time variable, ασ, αT and αe are stress, temperature and other
environment time-shift factors, respectively. The temperature and environment
time-shift factors were not considered in this study, therefore, reduction time
function is reduced to ψt = t/ασ. For a linear viscoelastic material, g0, g1, g2,
ασ and αT are unity and, therefore, Eq. 3.20 is reduced to Eq. 3.11. Similar to
the linear equation, the strain response during loading and unloading phases
in a typical creep-recovery test are given by:













The time-dependent response to an applied constant stress is decomposed
into recoverable (nonlinear viscoelastic) and irrecoverable (viscoplastic) com-
ponents as
εtotal = εnve + εvp (3.24)
where, εtotal , εnve and εvp are the total strain, nonlinear viscoelastic strain and
viscoplastic strain responses, respectively at a given time t.
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The total strain rate ε̇total , obtained by taking the derivative of Eq. 3.24, is
given by
ε̇total = ε̇nve + ε̇vp (3.25)
The viscoplastic strain rate based on Perzyna model is given by (Perzyna,
1971)







0 φ(F ) ≤ 0
( F
σ0y
)N φ(F ) > 0
where Γ is the viscosity parameter, G is the viscoplastic potential function
and φ is the overstress function expressed in terms of the rate-independent
yield surface F ; and σ0y and N are material parameters. Trabecular bone has
been previously modelled using time-independent Drucker-Prager yield crite-
rion (Mullins et al., 2009). The yield surface F based on extended Drucker-
Prager yield criterion is given by
F = τ − αp− κ(εvpe ) (3.27)
where p = −1
3
tr(σ) is the equivalent pressure stress, σ is the stress tensor,
α = tan(θ) is a pressure-sensitivity parameter related to friction angle, θ, and
κ(εvpe ) is viscoplastic hardening function which is a function of effective vis-
coplastic strain εvpe . The parameter τ is deviatoric effective shear stress, and is
















where J2 = 32S : S and J3 =
9
2
S · S : S are the second and third deviatoric
stress invariants, respectively, S = σ − 1
3
tr(σ)I is the deviatoric stress tensor,
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and d is a material parameter which is the ratio of the yield stress in uniaxial
tension to the yield stress in uniaxial compression. For uniaxial tension, the
deviatoric effective shear stress τ =
√
J2/d whereas for uniaxial compression
τ =
√
J2. The dependence of τ on the third deviatoric stress invariant J3 is
removed when d = 1, and to ensure the convexity of the yield surface d must
be in the range of 0.778 ≤ d ≤ 1 (Hibbitt et al., 2012). The viscoplastic flow
potential is given by
G = τ − βp (3.29)
where β = tan(θ′) is a parameter related to the dilation angle (θ′). Associated
flow results if α = β, whereas non-associated flow results if α 6= β. In this
study, the viscoplastic hardening function (κ) in Eq. 3.27 was assumed to be
an exponential function of the effective viscoplastic strain (εvpe ) (Huang et al.,
2011) as
κ = κ0 + κ1[1− exp(−κ2(εvpe ))] (3.30)
where κ0 defines the initial yield stress, κ1 describes the saturated stress for
the fully-hardened material, κ2 describes the transition rate between κ0 and
















3.4 Aspects of creep-recovery experiment
As mentioned before, the creep behaviour can be classified into three stages
(Fig 3.5). Primary creep in which the curve is concave down, secondary creep
in which deformation is proportional to time, and tertiary creep in which de-
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formation accelerates until creep rupture. Although secondary creep is repre-
sented by a straight line in a plot of strain versus time (constant strain rate, also
called steady state creep rate (ε̇cre)), this straight line has nothing whatsoever
to do with linear viscoelasticity.
Figure 3.5: Classification of regions
of creep behaviour. It shows the plot of
strain versus time for different load lev-
els. Adapted from Lakes (2009).
3.4.1 Time-varying creep compliance
The time-varying creep compliance (Ccre(t)) is the ratio between creep strain












where σ0 is the stress level which results creep strain εcre(t). As discussed
earlier, the nonlinear parameters (g0, g1, g2, ασ) are stress level dependent
parameters and for a linear viscoelastic material, these four parameters are
unity. In other words, for a linear viscoelastic the time-varying creep compli-
ance is a stress level independent function. If compliance is higher than its
linear viscoelastic prediction then the material is exhibiting softening and if the
compliance is lower than its linear viscoelastic prediction then the material is
stiffening (Fig. 3.6).
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Figure 3.6: Time-varying creep compliance. It is defined as the ratio of strain
response to its corresponding stress levels. For a linear viscoelastic material,
the time-varying creep compliance (Ccre(t)) is a parameter independent to its
stress levels. With increased stress level, elastic softening occurs if compliance
above its linear viscoelastic response; while elastic stiffening occurs if compli-
ance is below its linear viscoelastic response.
3.4.2 Steady state creep rate
Steady state creep rate (ε̇cre) is defined as the slope of the linear portion of the





















Figure 3.7 shows the plot of steady state creep rate (ε̇cre) versus normalised
effective stress (σ/σ0); a straight line response indicates linear viscoelasticity.
For a nonlinear material the steady-state creep rate is stress dependent, in
which the ε̇cre is lower than the linear extrapolation for elastic stiffening material,
higher than linear extrapolation for elastic softening material.
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Figure 3.7: Steady state creep rate vs. normalised effective stress. It is de-
fined as the slope of the curve from strain-time plot, indicates how fast of creep
strain generation. For a linear viscoelastic material, the ε̇cre linearly increase
with increasing normalised stress level. The ε̇cre lower than linear estimation
indicates elastic stiffening; while elastic softening occurs if ε̇cre is higher than
linear estimation.
3.4.3 Strain components
For a multiple-load-creep-unload-recovery (MLCUR) experiment comprises of
a loading phase, a load holding phase, an unloading and a recovery phase.
The typical load application and its strain response are shown in Fig. 3.8a,
3.8b, respectively. The following strain responses were defined (see Fig. 3.8c,
3.8d):
• εl: instantaneous loading strain
• εul: instantaneous unloading strain
• εcre: amount of creep strain accumulated during plateau loading phase
• εrec: amount of creep strain relaxed during recovery phase
• εres: strain that remains at the end of each cycle
52 Chapter 3. Modelling of time-dependent behaviour
For a linear viscoelastic material, the ratio, εcre/εl, is always constant with
increasing stress levels, and the ratio, εul/εl, is constant as well. If sufficient





Figure 3.8: Strain components definition for creep-recovery experiment:
Typical load application for MLCUR experiment (a) and its strain response (a);
load application and strain components used for experimental observations
(c,d); load application and strain components used for parameters fitting and
computational models (e,f).
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3.5 Parameter fitting
The processes to obtain all the parameters can be classified into three steps,
including parameters for linear viscoelastic, nonlinear viscoelastic and viscoplas-
tic model as shown in Fig. 3.9. If the recovery behaviour from lowest stress
cycle is assumed to be linear viscoelastic, and the nonlinear viscoelastic pa-
rameters can be obtained from recovery part of higher load cycles. Further, the
differences between creep and recovery strain responses allow for evaluation
of viscoplastic parameters.
Creep Recovery













Figure 3.9: Fitting procedure for viscoelastic, nonlinear viscoelastic and
viscoplastic parameters.
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3.5.1 Linear viscoelastic parameters
The first step of the fitting procedure is to obtain the Prony series coefficients
Dg, Dn and λn from a linear viscoelastic response at the lowest stress level
(Cycle I). In this thesis, it is assumed that the unloading response at first cycle
is linear viscoelastic (g0 = g1 = g2 = ασ = 1). The expression for ∆εr1(t) (Fig.
3.8f), which represents recovered strain between ta and tb is given by
∆εr1(t) = εcre(ta)− εrec(t)















Then the Prony series coefficients are determined by minimising error between
the experimental curve and equation for ∆εr1(t).
3.5.2 Nonlinear viscoelastic parameters
Then linear viscoelastic coefficients from cycle I can now be used to determine
the nonlinear viscoelastic parameters at higher cycles. The recoverable strain
∆εr3 (Fig. 3.8f), from t1 to tb, can be evaluated and used to determine the
nonlinear parameters g2 and ασ:

















Dn[1− exp(−λn( t−taασ ))]

(3.36)
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Once the nonlinear parameters g2 and ασ are obtained, the remaining two
parameters g0 and g1 are obtained by minimising error between the experiment
measurement and ∆εr1(t) (Fig. 3.8f):
∆εr1(t) = εcre(ta)− εrec(t)












Dn[1− exp(−λn( t−taασ ))]

(3.37)
The nonlinear viscoelastic parameters are assumed to be general polynomial
functions of the effective stress, these functions then can be expressed as
































x x > 0
0 x ≤ 0
the coefficients (αi, βi, γi, δi) can be calibrated from nonlinear parameters at
multiple effective stress level, σeff (which is also the applied stress level). The
σ0 is the corresponding stress level from cycle I, which is considered to behave
in linear viscoelastic manner.
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3.5.3 Viscoplastic parameters
The viscoplastic strain response is extracted by subtracting the nonlinear vis-
coelastic strain from total experimental strain at each stress level. The Eq. 3.26









where τ and p, for a uniaxial compressive multiple-load-creep-unload-recovery
(MLCUR) test with a plateau stress of σ1, are equal to σ1 and σ1/3 in that cycle,








where εvp1 and ∆ε
vp
1 are the measure uniaxial viscoplastic strain and its incre-
ment, respectively, in a chosen cycle of the MLCUR experiment data. The
effective viscoplastic strain εvpe can be calculated for uniaxial compression as








2 + 2(εvp2 )
2 (3.41)
where εvp2 is the viscoplastic strain in the radial direction, which can be calcu-











“Success depends upon previous preparation,





Previous studies have shown that under static conditions (or very slow strain
rates), the strain in trabecular bone increases non-linearly with applied loads
(Keaveny et al., 1994b; Li and Aspden, 1997; Linde and Hvid, 1989; Morgan
et al., 2001). However, time dependent behaviour with changing load levels
has received limited attention. A few previous studies have considered multi-
ple load levels but different loads were applied to different specimens i.e., each
specimen was subjected to a single load level (Bowman et al., 1998, 1994;
Moore et al., 2004). Bowman et al. (1994) found a strong power law relation-
ship between the steady state creep rate (ε̇cre) and the applied stress level (σ),
but when they included apparent density (ρ) into the relation, the fit did not im-
prove, in fact the r2 value decreased. Also, Moore et al. (2004) related ε̇cre to
σ, but this study also conducted cyclic loading tests on each sample at a single
stress level.
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In summary, previous studies have shown that under static loading trabec-
ular bone has a nonlinear stress-strain behaviour and its time-independent
elastic modulus (E) can be related to BV/TV. Therefore, the hypothesis of
this Chapter is that time-dependent behaviour of trabecular bone can also be
related to BV/TV and it is not linearly viscoelastic. The aims of this Chapter are
to determine how creep-recovery response varies with load levels and how it
can be related to BV/TV.
4.1 Sample preparation
The sample preparation process is summarised in Fig. 4.1. Bovine proximal
femurs, female, under 30 months old, were obtained from a local butcher and
stored in a freezer at -20 °C before further preparation. Femoral heads and
greater trochanters were removed using a hacksaw after permitting the bone
to thaw at room temperature. Transmission radiographs were taken to identify
principal trabecular directions to ensure that samples cored in the following
step were aligned along the principal direction. Cylindrical trabecular bone
specimens were cored in a hydrated condition, to mitigate against temperature
damage, using a 10.7 mm inner diameter diamond-coated coring tool (Starlite,
Rosemont, USA). A low-speed saw (Buehler, Germany) was used to trim off
growth plate if present and to cut the edges parallel. Fifteen femoral head
trabecular bone specimens were obtained from 3 femoral heads and other five
from 2 bovine trochanters (length: 24.8 ± 2.8 mm), where one sample was
found to behave poorly and was excluded from the analysis. The specimens’
dimensions were measured before being glued into brass end-caps using bone
cement (Simplex, Stryker, UK) with assistance of a custom made alignment
tool. Effective length for each specimen was calculated as the length between
end-caps plus half the length of bone embedded within the end-caps from each
side (Keaveny et al., 1997). Mean effective length was 21.9 ± 2.7 mm. Each
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specimen was placed in an epoxy tube filled with phosphate-buffered saline
(PBS), as shown in Fig. 4.2, to ensure that the specimens remain hydrated
at all stages of testing. The samples were stored in a freezer at -20 °C until
utilised.
4.2 µCT scanning
All the specimens were scanned with high voxel resolution (17.22 µm) before
mechanical testing using µCT scanner (Skyscan 1172, Bruker, Kontich, Bel-
gium). The following scan parameters were used: source voltage 100 kV ,
current 100 µA, exposure 1771 ms with a 0.5 mm aluminium filter between
X-ray source and the specimen. Image quality was improved by using two-
frame averaging. The images were reconstructed with no further reduction in
resolution using nRecon (V1.6.9.4, Bruker, Kontich, Belgium). Morphometric
analysis was performed using CTan software (Bruker, Kontich, Belgium). By
considering the whole volume of each specimen, the BV/TV was found in the
range 15-54% (mean± SD: 37%± 11%). DOA and Tb.Th were also evaluated
and found in the range of 2.04-16.95 and 168.3-277.3 µm, respectively.
4.3 Mechanical testing (compressive MLCUR)
Mechanical tests were performed at room temperature using Zwick material
testing machine (5 kN Load Cell, Model Z005/TH2A, Zwick Roell, Hereford-
shire, UK). Each specimen was first preconditioned by subjecting it to 10 cy-
cles of compressive loading with an amplitude of 0.1% of apparent strain (Bow-
man et al., 1994). After preconditioning, the specimen was unloaded, removed
from the testing machine and allowed to recover for half an hour. Each spec-
imen was then subjected to compressive multiple-load-creep-unload-recovery
(MLCUR) cycles. Loading cycles comprised of applying 2,000 µε, 4,000 µε,
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Figure 4.1: Flowchart for experiment process.
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Figure 4.2: A schematic representation of loading
set-up. Epoxy tube filled with PBS is used to keep
specimen hydrated.
6,000 µε, 8,000 µε, 10,000 µε, 15,000 µε, 20,000 µε and 25,000 µε appar-
ent strain at a rate of 10,000 µε/s, denoted as cycle I, II, III, IV, V, VI, VII and
VIII, respectively. When the target strain was achieved the corresponding load
was maintained for 200 s thereby permitting the specimen to undergo creep.
Each loading step was followed by an unloading step to an almost zero force
(2 N ) and this force was maintained for 600 s before the application of the
next load cycle. In other words, this was a load-controlled experiment for creep
and recovery while instantaneous loading and unloading were displacement
controlled. These durations were selected after a number of preliminary tests
which showed that the creep rate becomes constant in less than 200 s upon
loading and the recovery curves reach a plateau in less than 600 s. Typical
strain response to a MLCUR experiment is shown in Fig. 4.3 with the corre-
sponding loading sequence as an inset in the figure (here, only two cycles are
shown, for clarity). The experiment was stopped immediately, if creep strain
increased rapidly to beyond 5% in any loading cycle.
Data related to this Chapter can be found at Edinburgh DataShare. It
includes µCT images and experiment results and it entitled ’Characteri-
sation of time-dependent mechanical behaviour of trabecular bone sam-
ples’ (http://dx.doi.org/10.7488/ds/2339).
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4.4 Analysis method
In each loading cycle, a number of strain responses were measured, including
instantaneous loading strain (εl), instantaneous unloading strain (εul), creep
strain (εcre), recovery strain (εrec), residual strain (εres), steady state creep
rate (ε̇cre) and time-varying creep compliance (Ccre(t)) (as shown in Fig. 4.3.
Detailed definitions of these were provided in Sec. 3.4).
It is important to note that for a linear viscoelastic material, the ratio εcre/εl
will be constant for different load levels and ε̇cre will vary linearly with stress
level. Also for a viscoelastic material, strain will recover fully if sufficient time
is allowed. Strain response εl and εcre may include both recoverable and any
irrecoverable components, while εul and εrec only include the recoverable parts.
Figure 4.3: Strain response during MLCUR experiment. Load application is
shown in the inset. Only two cycles are shown for clarity.
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4.5 Results
Without exception, each specimen exhibited classical rapid primary and slow
secondary regimes of creep behaviour (Fig. 3.5) across all stress levels. Six-
teen samples (thirteen from femoral heads and other 3 from trochanters) are
considered in this Chapter and they all could be subjected to cycle V. Four
specimens demonstrated tertiary creep on application of cycle VI, and only
three specimens could be subjected to cycle VII without tertiary creep. For
sake of completeness only the first 5 cycles were considered for most of the
analysis in this section.
4.5.1 Time-varying creep compliance
The Ccre(t) is given by Eq. 3.33. Fig. 4.4a, 4.4c and 4.4e show Ccre(t) at differ-
ent stress levels for 3 typical samples which have significantly different BV/TV
(42.8, 25.1 and 18.6%). It can be seen that for the dense sample (Fig. 4.4a)
the Ccre(t) initially becomes smaller with increasing load levels (the curves at
lower stress levels are above those at higher stress levels) and then increases
with the load level, at the largest applied stress (20.55 MPa). For the medium
BV/TV sample (Fig. 4.4c), Ccre(t) decreases as the stress level is increased
from 0.64 to 1.89 MPa but then increases when stress levels are increased to
2.44 MPa and then to 2.74 MPa. This decrease followed by an increase in
Ccre(t) indicates elastic stiffening followed by elastic softening. For the dense
sample, softening occurs at a stress level corresponding to a much higher
strain in comparison to the medium BV/TV sample. The trend is followed by
the low BV/TV sample (Fig. 4.4e), which demonstrates softening with increas-
ing load levels right from the beginning.
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Linear extrapolation from cycle I
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Linear extrapolation from cycle I
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Linear extrapolation from cycle I
(f)
Figure 4.4: Time-varying creep compliance (a, c, e) and steady state creep
rate (b, d, f) plots of three typical samples. BV/TV = 42.8% (a , b), BV/TV =
25.1% (c , d), BV/TV = 18.6% (e , f). Dashed line shows extrapolation from the
response at the lowest load cycle which is assumed to be linear viscoelastic.
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4.5.2 Steady state creep rate
This stiffening-softening phenomenon can also be seen from the steady state
creep rate (ε̇cre) variation with normalised stress level (stress in each cycle di-
vided by the modulus obtained from the first cycle) (Figs. 4.4b, 4.4d, and 4.4f),
where the experimentally measured ε̇cre were compared with the linear extrap-
olation from the cycle I are compared. If the trabecular bone’s creep behaviour
is linear viscoelastic, then the ε̇cre will be proportional to the normalised stress
levels. Therefore, the ε̇cre were extrapolated using the response from the first
loading cycle (assumed linear), to predict the linear viscoelastic behaviour of
trabecular bone. For a high BV/TV specimen (Fig. 4.4b), ε̇cre is lower than the
linear viscoelastic prediction for the first few cycles but higher than the linear
viscoelastic prediction at the highest load level applied. For a low BV/TV spec-
imen (Fig. 4.4f), ε̇cre is higher than linear viscoelastic prediction even at lower
stress levels while for the medium BV/TV specimen (Fig. 4.4d) ε̇cre is lower
than the linear viscoelastic prediction for cycles II and III and higher than the
linear viscoelastic prediction for cycles IV and V.
Considering all the specimens tested, the steady state creep rate (ε̇cre) was
found to vary from 0.07 to 4.51 µε/s. The mean ε̇cre for load levels corre-
sponding to 2,000 µε and 10,000 µε were 0.30 µε/s (±0.12) and 1.84 µε/s
(±1.42), respectively. Regression analysis of the experimental results showed
that ε̇cre had strong nonlinear (power law) relation with normalised stress level
as defined by Bowman et al. (1998). The steady state creep rate, ε̇cre, was




where ε̇cre is in µε/s and σ is in MPa (r2 = 0.74, p < 0.001). Figure 4.5 shows
the relationship along with actual data points.
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Figure 4.5: Curve fit of ε̇cre with applied stress level (σ) and bone volume
fraction (BV/TV).
4.5.3 Mean strain responses
Figure 4.6a shows a bar plot of the measured mean strain responses for differ-
ent load cycles for all samples tested. Figure 4.6b shows the ratios of different
strain responses against load cycles.
The ratio of εul/εl increased with increasing corresponding strain level for all
the specimens (Fig. 4.6b). The majority of instantaneous strain was recovered
immediately upon unloading (average 86.5% for pooled data, r2 = 0.99).
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Figure 4.6: Measured strain response during MLCUR experiments. Mean
strain response for the 16 samples tested for the five creep-recovery cycles (a);
Strain ratio and their variation for different creep-recovery cycles (b). (Large
BV/TV variation results in large variation for some of the ratios).
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Creep strain during stress holding cycle, εcre, was found to increase with
increasing load level (Fig. 4.6a). From cycle I to cycle V it increased from 377
µε (±84) to 1,365 µε (±498), however, the ratio εcre/εl was found to decrease
after the first load cycle after which it remained almost constant (Fig. 4.6b).
As expected, εul and εrec both increased with increasing load level (Fig.
4.6a), from 1718 µε (±266) and 180 µε (±45) to 9048 µε (±544) and 928 µε
(±157), respectively, and had relatively constant ratio of εrec/εul (Fig. 4.6b)
indicating that, as would be expected, the unloading phase is viscoelastic.
As mentioned above both εcre and εrec increased with increasing load levels
(Fig. 4.6a), however, the ratio, εrec/εcre, had a very interesting trend − it first
increased with load level and then decreased at higher load level (Fig. 4.6b).
This trend again indicates elastic stiffening is followed by elastic softening with
increasing load levels as demonstrated earlier by individual samples.
4.5.4 Residual strain
The results showed that some residual strain, εres, always exists at the end of
600 s of recovery after every unloading cycle and for all the specimens tested.
The mean residual strain (Fig. 4.6a) (±SD) at the lowest load level corre-
sponding to instantaneous loading strain of 2,000 µε was 542 µε (±255) and
for higher load level corresponding to instantaneous loading strain of 10,000
µε was 1,523 µε (±604). The ratio of εres/εl was found to decrease with in-
creasing load level (Fig. 4.6b) indicating that residual strain does not increase
proportionally with load level.
4.6 Discussion
The results show that residual strain arises even at low load levels, trabecular
bone response is not linear viscoelastic and that bone demonstrates stiffen-
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ing followed by softening with increasing load levels. It is now recognised that
the yield strain of trabecular bone is independent of BV/TV (Bayraktar and
Keaveny, 2004; Levrero-Florencio et al., 2016). The trabecular bone macro-
scopically yields below 0.8% strain in compression (Morgan and Keaveny,
2001). Therefore, this study considered compression force equivalent to differ-
ent strain levels (from 2,000 µε to 25,000 µε), to examine the time-dependent
behaviour of trabecular bone in pre- and post-yield regimes.
4.6.1 Time-varying creep compliance
Examination of creep compliance curves for different samples shows that they
vary with load levels. The samples with medium BV/TV show an initially de-
creasing and then increasing creep compliance with increasing stress. This
indicates that the samples first becomes stiffer and then experience softening
(stiffness degradation). High BV/TV samples demonstrate decreasing creep
compliance with stress indicating stiffening and an increase is observed only
at much higher stress levels. For low BV/TV samples compliance increased
with stress levels indicating softening from the start. This behaviour was also
demonstrated by steady state creep rate comparison with creep rate linearly
extrapolated from the first cycle: for low BV/TV samples the steady state creep
rate is higher than linear extrapolation throughout; for high BV/TV samples it is
below the linearly extrapolated values for most stress levels; and for medium
BV/TV samples it is initially below the linear extrapolation and then above
at higher stress levels. On an average the ratio initially increases and then
decreases with stress level again demonstrating stiffening and softening be-
haviour. It is, however, not apparent why this occurs; it could be due to the
reorganisation of ultrastructural components (i.e. mineral and collagen) in the
bone matrix that make it stiffer initially followed by damage and buckling of tra-
beculae causing softening. Although the movement of collagen is constrained
4.6. Discussion 71
by mineral (Bonar and Glimcher, 1970), sliding of collagen fibrils plays an im-
portant role in the time-dependent properties of bone (Bowman et al., 1998;
Sasaki and Odajima, 1996; Yamashita et al., 2001). It is likely that collagen
fibrils initially reorganise when the load levels are increased to resist deforma-
tion and maintain network integrity, and at larger loads micro-damage breaks
this integrity. For specimen with lower BV/TV, it starts softening at the lower
stress levels, possibly because it has less ability of reorganisation of collagen,
the damage dominate the mechanics. On the other hand, for specimen with
higher BV/TV, it shows stiffening at lower stress levels, which indicates it has
better capability of collagen reorganisation, it only softens at relative larger
stress level where damage dominates the mechanics.
4.6.2 Steady state creep rate
Kim et al. (2011) reported mean ε̇cre of 0.22 µε/s when the specimens were
compressed at force equivalent to 2,000 µε (Cycle I in this case). This com-
pares well with the mean value (0.30 µε/s) found in this study. This study also
found that at cycle V the steady state creep rate (1.84 µε/s) was more than
five times the value at cycle I and increased stress level does not result in a
linear increase, which would be expected from a linear viscoelastic material.
The steady state creep rate can be reasonably well related to stress level and
BV/TV.
4.6.3 Mean strain responses
Ratio of εul/εl , was found to be high (>80%) and increase slightly with in-
creasing load level. For a viscoelastic material in a creep-recovery experiment
(instantaneous loading and unloading) this ratio is unity. The ratio εul/εl <1
possibly indicates presence of irrecoverable strains arising during the loading
phase. Yamamoto et al. (2006) found little difference between instantaneous
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loading and unloading strains. Kim et al. (2011) considered a single load level
and found that 92.3% of strain was recovered immediately upon unloading.
Kim et al. (2011) suggested that the difference between εul and εl implies a re-
organisation of micro- or ultra-structural components of the bone matrix caused
by compressive creep and this reorganised state is not fully released upon un-
loading. Smallest εul/εl ratio at the low load level indicates that most reorgani-
sation of the bone matrix happens at its first loading experience. The fact that
the majority of the strain was recovered upon unloading and the recovery was
found to be true for all specimens and for all load cases.
This ratio εrec/εul was found to be approximately constant in this study indi-
cating that the unloading and recovery phase is viscoelastic. The ratio εcre/εl
was found to decrease with increasing applied stress level initially and then
become almost constant (it slightly increased at higher stress levels in sam-
ples which were tested beyond the 5 cycles). This study found εrec/εul >εrec/εul
for all stress levels indicating presence of irrecoverable strains arising in the
loading and load holding phases.
4.6.4 Residual strain
Strain, εres, always exists even at low load levels, which implies that certain
amount of irrecoverable strain is generated during loading and load holding.
This study found that the average ratio of residual strain to loading strain
(εres/εl) varied from 26% in the cycle I to 15% in the cycle V. Yamamoto et al.
(2006) measured of human L3 vertebral trabecular bone and reported mean
values of 515 µε and 1,565 µε for load levels corresponding to 750 µε and
1,500 µε, respectively i.e. εres/εl ratios of 69% and 104%. Similarly, Kim et al.
(2011) reported an average εres/εl value of 90% at load level corresponding to
2,000 µε. In both these studies the load holding time was much longer − Ya-
mamoto et al. (2006) held the load for around 35 hours while Kim et al. (2011)
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held it for 2 hrs. Yamamoto et al. (2006) extrapolated that the residual strain
may fully recover in sufficiently long time (20 times the load holding time). Tests
conducted in this study showed that the decrease in beyond 600 s was negligi-
ble i.e. these residual strains were largely irrecoverable. Large εres/εl ratios in
the above cited studies in comparison to this indicate that irrecoverable strains
accumulate during load holding.
4.6.5 Clinical implications
An important clinical implication of the present study relates to the possible
role of creep mechanisms and deformations in non-traumatic bone fractures.
Non-traumatic vertebral fracture presents as shortening or height loss of bone
without obvious trauma, and the progression is very slow and occurs gradually
over a long period (Nicholson et al., 1993; Pollintine et al., 2009). Results from
this study show that residual strain always exists even at low stress level, and
it is accumulated with increasing stress levels. Trabecular bone with relative
low BV/TV has larger value of steady state creep rate, and it starts softening
at low stress level. Schaffler et al. (1995) suggested that creep deformity could
accumulate over time in elderly human bones due to their reduced ability to
remodel. These findings from current study show that elderly people who suffer
from osteoporosis and consequently have low BV/TV are at greater risk of non-
traumatic fractures even under normal physiological loads.
4.7 Limitations
This work suffers from a few limitations. Firstly, all the tests were conducted
at room temperature; creep behaviour has been reported to be temperature
dependent (Bonfield and Li, 1968; Bowman et al., 1998). Secondly, the iden-
tification of instantaneous (loading and unloading) strain responses from the
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time-dependent strain response in MLCUR experimental curves was done us-
ing the loading platens of the machine rather than an extensometer attached to
the central region with a more homogeneous mechanical environment, which
may result-in small errors in the analysis of the results. Thirdly, a small force
of 2 N was used during recovery phase to make sure that the end-caps were
in contact with the load applicator to facilitate the measurement of the strain
response. The effect of this small load is likely to be small on the measured
response. Lastly, it is not possible in practice to perform ideal creep-recovery
experiments. Small viscoelastic deformations are likely to occur during the
ramp loading (1 s to reach 1.0% strain with strain rate 0.01 s−1 employed). The
amount of viscoelastic deformation is likely to be small compared with instan-
taneous deformation and the total creep deformation during stress holding.
4.8 Conclusions
• Majority of strain is recovered after unloading phase, but some residual
strain always exists even at the low load level (corresponding to 2,000 µε,
which is below physiological strain level, 3,000 µε).
• Time-dependent response of trabecular bone comprises of both recover-
able and irrecoverable strain.
• The strain response is nonlinearly related to applied load levels.
• The time-dependent response is BV/TV dependent; elastic stiffening fol-
lowed by elastic softening is observed for relatively denser bone, while
elastic softening may start at a very low load level for porous bone.
• Steady state creep rate is related to both applied stress level and BV/TV,
a best fit equation was found (Eq. 4.1).
“Study without desire spoils the memory, and it
retains nothing that it takes in.”
Leonardo da Vinci
5
Constitutive models for untreated
trabecular bone
The characterisation of time-dependent properties of bone is not well docu-
mented, and only a few studies are available, which related the steady state
creep rate (ε̇cre) with normalised stress level (σ/E0) (Bowman et al., 1994), but
they do not fully describe the constitutive behaviour of trabecular bone and as
such cannot be incorporated in FE codes. At the same time many constitu-
tive equations have been developed for characterising nonlinear viscoelastic
behaviour of different materials and these include single (Christensen, 1980;
Knauss and Emri, 1981; Schapery, 1969) and multiple (Findley et al., 1976) in-
tegral formulations. The single integral representations have been the most
wildly applied theories for different viscoelastic materials and are relatively
easy to implement in a numerical scheme (Schapery, 1969). Previous studies
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have developed methodologies to determine the nonlinear viscoelastic param-
eters based on single integral formulations for materials with power law time
dependence (Lou and Schapery, 1971) and with Prony series time depen-
dence (Huang et al., 2011). These formulations have been used for material
like asphalt concrete and polymers (Huang et al., 2011). This Chapter employs
the Prony series to describe time-dependent behaviour for trabecular bone; the
background for this development was considered in Chapter 3.
BV/TV or apparent density (ρ) have been extensively employed to evalu-
ate the time-independent stiffness of bone (Morgan et al., 2003), which is then
used in subject-specific models (Pankaj, 2013). Similar relationships between
BV/TV and time-dependent response will permit their application in compu-
tational simulations where modelling time dependent behaviour is important
(e.g. implant loosening). These relationships need to be considered at multi-
ple loads to incorporate any load-level dependence.
The data used in this Chapter is identical to that obtained from experiments
described in last Chapter. The development of constitutive models is discussed
in Chapter 3 (Sec. 3.5)
5.1 Sensitivity to the number of Prony terms
Prony series (discussed in Chapter 3) was chosen as the function to represent
the time-dependent behaviour of trabecular bone, so the sensitivity of the re-
sponse on number of Prony terms needs to be considered. A random typical
sample’s first cycle is shown in Fig. 5.1a, which is compared using 1 to 6 terms
of the Prony series. Figure 5.1b shows the residual sum of squares vs. num-
ber of Prony terms, it is clear that the residual sum squares are decreased with
increasing number of terms, and 3 terms of Prony series are enough to predict
the creep behaviour and it give an error of less than 0.3%. This was found to
be the case with a number of other samples considered.
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Figure 5.1: Sensitivities study on number of Prony terms in constitutive
model. It conducted by fitting the experimental strain response with Prony se-
ries for one random sample’s first cycle’s creep strain response. Creep strain
response along with Prony series fitting (a), residual sum of squares with re-
spect to number of Prony terms (b).
5.2 BV/TV-viscoelastic relationship (creep part)
The experimental creep curves and Ccre(t) corresponding to cycle I for 13 se-
lected samples are shown in Fig. 5.2, their compliance after 200 s constant
load was in the range of 1.08 × 10−3 - 4.17 × 10−3 MPa−1. The trabecular
bone was loaded at small stress level (corresponding to 2,000 µε). The lin-
ear viscoelastic parameters based on 3-term Prony series were evaluated by
minimising experimental measurements with Eq. 3.15 and all the evaluated
parameters are listed in Table 5.1, which include the instantaneous compli-
ance (Dg), transient compliance (Dn) and retardation time (τn). The evaluated
Dg for all the samples was in the range of 9.40× 10−4 − 34.36× 10−4 MPa−1.
5.2.1 BV/TV-creep function
BV/TV or ρ have been extensively employed to evaluate the time-independent
stiffness of bone, which is then used in subjected-specific models. As dis-
cussed in Chapter 4 this time-dependent behaviour was found to be associated
to bone’s BV/TV from experimental observation (Sec. 4.5). Also a strong power
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Figure 5.2: Experimental creep responses with varying BV/TV. Creep strain
(a) and time-varying creep compliance (creep strain/applied stress) curves (b)
for 13 samples (Manda et al., 2016b).
law relationship was found between Dg and BV/TV (Manda et al., 2016b),
Dg = 6.6× 10−4(BV/TV)−1.043(r2 = 0.72, p < 0.001) (5.1)
as shown in Fig. 5.3. Consequently, the relationship between time-dependent
behaviour and BV/TV was considered, assuming that the BV/TV (φ) can be
the lone predictor for time-dependent response of trabecular bone. By min-
imising the error using nonlinear least squares, the relationship between D(t)
and BV/TV was found to be (r2 = 0.73, p < 0.001) (Manda et al., 2016b)
D(t) = Aφm + A[
N∑
n=1
D̃n(1− exp(−t/τ̃n))φmt ] (5.2)
This is a BV/TV-based Prony series expanded from the original equation
(Eq. 3.15), which makes BV/TV the only variable in this equation. D̃n represent
the dimensionless transient compliance coefficient, τ̃n are time coefficients, φ
is the BV/TV of trabecular bone, and A,m,mt are constant. All the evaluated
constant parameters are reported in Table 5.2. Three typical samples with
BV/TV of 26%, 35% and 46% were chosen to show the representative be-
haviour of the samples. The predicted viscoelastic response for those three
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typical samples are shown in Fig. 5.4. The maximum error between the mea-
sured and the predicted value from Eq. 5.2 were -1.8, -11.6 and 28.8% for
BV/TV of 26%, 35% and 46%, respectively. The negative error value indicates
the under-prediction of the power law model, whereas positive error indicates
the over-prediction of the model compared to the experimentally measured re-
sponse.
Table 5.2: Constant coefficients for BV/TV-based Prony series (Manda
et al., 2016b)
Function Equation Parameters
Creep compliance function D(t) Eq. 5.2 A = 6.6× 10−4 m = −1.033 mt = −1.058
D̃1 = 0.026 D̃2 = 0.071 D̃3 = 0.093
τ̃1 = 14.237 τ̃2 = 1.255 τ̃3 = 250.0
Relaxation modulus function E(t) Eq. 5.3 B = 2043.0 p = 1.414 pt = 1.014
Ẽ1 = 0.028 Ẽ2 = 0.049 Ẽ3 = 0.039
ρ̃1 = 8.828 ρ̃2 = 0.929 ρ̃3 = 133.23
5.2.2 BV/TV-relaxation function
The creep compliance functions were converted to time-dependent relaxation
functions using numerical interconversion methods (Park and Schapery, 1999).
The long-term or equilibrium modulus (Ee) for all samples is shown in Ta-






(r2 = 0.72, p < 0.001)
(Manda et al., 2016b).


































 = 6.6×10-4 (BV/TV)-1.043, r2 = 0.72
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(Manda et al., 2016b).




































with power law relation-
ship (r2 = 0.68, p <
0.001) (Manda et al.,
2016b).































BV/TV=26%, model Eq. 5.2
BV/TV=35%, model Eq. 5.2 
BV/TV=46%, model Eq. 5.2
Figure 5.6: Accuracy of
BV/TV-relaxation func-
tion prediction. Dotted
lines with same colour
show the predictions
from regression model
from Eq. 5.3 (Manda
et al., 2016b).
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power law relation with BV/TV as shown in Fig. 5.5 . Using an approach
similar to that used for compliance functions, a relationship between time-
dependent relaxation modulus function, E(t), and BV/TV (φ) over time was
found (r2 = 0.68, p < 0.001) (Manda et al., 2016b).




where Ẽi represents the dimensionless transient moduli and are expressed as
fractions of equilibrium modulus, ρ̃i are time coefficients, and B, ρ and ρt are
constants. All evaluated parameters are reported in Table 5.2, and the resulting
predicted viscoelastic response is shown in Fig. 5.6 for samples with BV/TV of
26%, 35% and 46%. For these three samples, the maximum errors between
the measured and the predicted values from Eq. 5.3 were 3.1%, -20.3%, and
8.4% with BV/TV of 26%, 35% and 46%, respectively.
5.3 Nonlinear viscoelasticity (recovery part)
It is important to note that the unloading phase contains recoverable strain
only, while the loading phase may consist of some irrecoverable strain. The re-
coverable strain response was found to be nonlinear with respect to the stress
(see Sec. 4.6), therefore, Schapery’s nonlinear model was employed. The lin-
ear viscoelastic parameters were obtained from its first cycle’s unloading phase
(which was assumed linear), then the nonlinear parameters can be determined
from its higher unloading cycles. Three typical specimens’ time-dependent re-
sponse from unloading phase are shown in Fig. 5.7. These samples have
significant different BV/TV of 25%, 33% and 46%. Amount of strain recovered
increased with time for all stress levels. The first cycle’s recovery behaviour
was assumed as linear viscoelastic, and the 3-term Prony series was found to
describe their time-dependent response well (Fig. 5.7). Linear Prony coeffi-
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(c)
Figure 5.7: The recovery strain (unloading phase) of trabecular bone plot-
ted against increased stress levels. BV/TV = 25% (a), BV/TV = 33% (b) and
BV/TV = 46% (c). Dotted line are strain prediction for its higher stress levels by
extrapolation from its first cycle’s recovery behaviour.
cients at Cycle I are shown in Table 5.3 for all 19 samples.
If the material behaves in linear manner, then the strain response at the
higher stress levels should be able to be described by Prony’s parameters ob-
tained from its first cycle. The experimental curves at the higher stress levels
did not match with the linear extrapolation from its first cycle, which also im-
plies that trabecular bone behaves in a nonlinear manner. For the most porous
sample considered (Fig. 5.7a), the predicted strain was always smaller than ex-
perimental strain response, while for denser sample (Fig. 5.7c), the predicted
strain was higher than the experimental strain response. For the samples with
BV/TV in the middle (Fig. 5.7b), the predicted strain response was higher than
experimental strain response at the lower stress levels and lower than experi-
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mental curve at the higher stress level. As discussed in Chapter 4 (Sec. 4.5),
the porous sample demonstrates softening from beginning (Fig. 5.7a), while
dense sample demonstrates stiffening first and the softening only observed at
higher stress level (Fig. 5.7c). This is also shown in Fig. 5.8. This indicated
that a nonlinear constitutive model is needed.
The time-varying creep compliance (Ccre(t)) is a measurement indepen-
dent of applied stress level for linear viscoelastic material (as discussed in Sec.
3.4.1). It is clear that from experimental observations (Sec. 4.5) and Fig. 5.8,
the time-varying recovery compliance for trabecular bone are not linear with
stress levels. So, Schapery’s nonlinear model was employed, and the nonlin-
ear parameters obtained by nonlinear least square fitting of the experimental































































































































Figure 5.8: Experimental viscoelastic recovery compliance with the time
and stress for three typical samples (Manda et al., 2016a).
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Table 5.3: The nonlinear VE parameters along with linear Prony coeffi-
cients and irrecoverable strains at multiple stress levels for all 19 samples
(Manda et al., 2016a)
BV/TV Linear coefficients at Cycle I Cycle No. εl[%] σN [MPa]
Nonlinear VE parameters
εres[%]





















I 0.20 0.36 1.00 1.00 1.00 1.00 0.041
II 0.40 0.66 0.91 1.06 0.59 0.78 0.067
III 0.60 0.94 0.94 1.03 0.67 0.82 0.104
IV 0.80 1.17 0.99 1.01 0.82 0.85 0.158





















I 0.20 0.64 1.00 1.00 1.00 1.00 0.024
II 0.40 1.24 0.89 0.85 0.94 0.88 0.045
III 0.60 1.89 0.87 0.89 1.02 0.92 0.076
IV 0.80 2.44 0.85 0.86 1.50 0.86 0.150





















I 0.20 0.60 1.00 1.00 1.00 1.00 0.026
II 0.40 1.16 0.90 1.05 0.84 0.69 0.041
III 0.60 1.73 0.87 1.06 0.82 0.69 0.062
IV 0.80 2.38 0.85 1.05 0.91 0.73 0.099





















I 0.20 0.64 1.00 1.00 1.00 1.00 0.032
II 0.40 1.20 0.90 1.02 0.82 0.79 0.049
III 0.60 1.77 0.91 1.05 0.96 0.75 0.084
IV 0.80 2.23 0.98 1.04 1.19 0.74 0.140





















I 0.20 0.80 1.00 1.00 1.00 1.00 0.057
II 0.40 1.65 0.78 0.94 0.64 0.91 0.089
III 0.60 2.48 0.77 0.99 0.71 0.88 0.116
IV 0.80 3.28 0.81 0.90 0.65 0.96 0.142
V 1.00 4.01 0.83 0.89 0.79 0.97 0.186
V I 1.50 6.50 0.82 1.01 1.86 0.86 0.960
V II 2.00 3.62 1.02 0.94 2.14 0.96 1.041
Continued on next page...
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BV/TV Linear coefficients at Cycle I Cycle No. εl[%] σN [MPa]
Nonlinear VE parameters
εres[%]





















I 0.20 1.19 1.00 1.00 1.00 1.00 0.065
II 0.40 2.76 0.66 0.93 0.84 0.98 0.076
III 0.60 4.58 0.63 0.94 0.74 0.99 0.083
IV 0.80 6.40 0.62 0.92 0.71 0.98 0.091
V 1.00 8.18 0.62 0.95 0.67 0.99 0.100
V I 1.50 13.37 0.75 0.92 1.32 0.95 0.442





















I 0.20 1.31 1.00 1.00 1.00 1.00 0.039
II 0.40 2.69 0.84 1.14 0.71 0.67 0.057
III 0.60 4.09 0.84 1.08 0.60 0.78 0.072
IV 0.80 5.59 0.82 1.00 0.57 0.87 0.075
V 1.00 7.50 0.78 1.00 0.37 0.93 0.109





















I 0.20 0.94 1.00 1.00 1.00 1.00 0.047
II 0.40 2.16 0.70 1.02 0.84 0.84 0.077
III 0.60 3.46 0.67 1.03 0.80 0.85 0.097
IV 0.80 4.67 0.65 1.02 0.75 0.86 0.118
V 1.00 6.04 0.63 1.02 0.72 0.87 0.135
V I 1.50 10.67 0.62 1.04 0.82 0.80 0.406





















I 0.20 0.98 1.00 1.00 1.00 1.00 0.073
II 0.40 2.12 0.71 1.20 0.45 0.70 0.087
III 0.60 3.67 0.65 1.02 0.43 0.87 0.112
IV 0.80 5.28 0.62 0.95 0.41 0.93 0.128
V 1.00 7.02 0.59 0.89 0.40 0.97 0.144
V I 1.50 12.73 0.54 1.00 0.42 0.89 0.244





















I 0.20 1.33 1.00 1.00 1.00 1.00 0.058
II 0.40 2.92 0.76 0.83 0.76 0.97 0.066
III 0.60 4.79 0.67 1.02 0.78 0.83 0.076
IV 0.80 6.69 0.63 1.05 0.83 0.75 0.089
V 1.00 8.53 0.65 1.07 0.64 0.79 0.111
V I 1.50 14.81 0.66 1.02 0.56 0.86 0.288
V II 2.00 17.19 0.60 1.04 1.01 0.77 0.458
Continued on next page...
5.3. Nonlinear viscoelasticity (recovery part) 87
BV/TV Linear coefficients at Cycle I Cycle No. εl[%] σN [MPa]
Nonlinear VE parameters
εres[%]





















I 0.20 0.71 1.00 1.00 1.00 1.00 0.127
II 0.40 1.65 0.46 0.89 0.51 0.97 0.170
III 0.60 2.95 0.44 0.87 0.41 0.96 0.201
IV 0.80 4.32 0.43 0.90 0.40 0.98 0.220
V 1.00 5.74 0.43 0.91 0.34 0.99 0.227
V I 1.50 11.56 0.39 0.92 0.36 0.94 0.346





















I 0.20 0.77 1.00 1.00 1.00 1.00 0.085
II 0.40 2.13 0.52 0.85 0.73 0.96 0.109
III 0.60 3.69 0.47 0.88 0.67 0.98 0.126
IV 0.80 5.35 0.43 0.96 0.70 0.91 0.141
V 1.00 7.11 0.43 0.88 0.60 0.98 0.160
V I 1.50 13.69 0.37 0.99 0.69 0.89 0.295





















I 0.20 1.37 1.00 1.00 1.00 1.00 0.037
II 0.40 2.97 0.73 1.03 0.98 0.83 0.054
III 0.60 4.74 0.71 1.04 0.86 0.82 0.059
IV 0.80 6.57 0.69 1.04 0.82 0.84 0.079
V 1.00 8.44 0.66 1.03 0.85 0.85 0.091
V I 1.50 14.45 0.67 0.91 0.68 0.96 0.158





















I 0.20 1.08 1.00 1.00 1.00 1.00 0.066
II 0.40 2.39 0.67 1.09 0.60 0.74 0.096
III 0.60 3.88 0.63 1.03 0.59 0.80 0.118
IV 0.80 5.54 0.60 1.05 0.55 0.77 0.141
V 1.00 7.22 0.61 0.89 0.52 0.96 0.146
V I 1.50 13.04 0.57 1.01 0.42 0.84 0.268
V II 2.00 16.91 0.55 1.00 0.51 0.85 0.406





















I 0.20 2.13 1.00 1.00 1.00 1.00 0.042
II 0.40 4.75 0.74 1.09 0.70 0.73 0.057
III 0.60 7.96 0.67 1.08 0.64 0.70 0.074
IV 0.80 11.29 0.64 1.07 0.62 0.75 0.088
V 1.00 14.65 0.61 1.06 0.68 0.78 0.102
V I 1.50 24.26 0.66 1.04 0.75 0.72 0.180
Continued on next page...
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BV/TV Linear coefficients at Cycle I Cycle No. εl[%] σN [MPa]
Nonlinear VE parameters
εres[%]





















I 0.20 1.75 1.00 1.00 1.00 1.00 0.037
II 0.40 4.38 0.68 0.92 0.78 1.00 0.043
III 0.60 7.45 0.61 0.89 0.69 0.97 0.049
IV 0.80 10.77 0.57 0.88 0.62 0.97 0.056
V 1.00 14.06 0.56 0.83 0.62 0.98 0.060





















I 0.20 0.89 1.00 1.00 1.00 1.00 0.095
II 0.40 2.25 0.48 1.13 0.63 0.66 0.138
III 0.60 3.87 0.43 1.09 0.60 0.69 0.175
IV 0.80 5.62 0.42 1.08 0.49 0.74 0.210
V 1.00 7.54 0.43 0.76 0.50 0.97 0.239
V I 1.50 15.62 0.36 1.05 0.41 0.76 0.364
V II 2.00 20.88 0.36 1.03 0.32 0.82 0.447





















I 0.20 2.22 1.00 1.00 1.00 1.00 0.033
II 0.40 5.03 0.79 0.81 0.95 0.92 0.048
III 0.60 8.02 0.75 0.84 0.88 0.92 0.059
IV 0.80 11.05 0.73 0.83 0.90 0.94 0.073
V 1.00 14.10 0.71 0.87 0.91 0.96 0.085
V I 1.50 23.66 0.67 1.00 1.07 0.78 0.174





















I 0.20 1.49 1.00 1.00 1.00 1.00 0.050
II 0.40 4.00 0.58 1.06 0.71 1.00 0.058
III 0.60 7.38 0.50 1.11 0.48 1.00 0.061
IV 0.80 11.01 0.45 0.90 0.60 0.98 0.065
V 1.00 14.66 0.45 0.87 0.47 1.00 0.074
V I 1.50 24.90 0.42 0.96 0.49 0.88 0.129
BV/TV is the bone volume fraction, Dg is the instantaneous compliance in 1/MPa, Dn (n = 1, 2, 3) are transient
compliance coefficients in 1/MPa, and λn (n = 1, 2, 3) are reciprocal of nth retardation time in Prony series in s−1,
εl is the applied static strain in each loading cycle, σN is the stress corresponding to plateau stress in the N th loading
cycle in MPa. Parameters g0, g1, g2, aσ are stress-dependent nonlinear VE parameters and εres is the irrecoverable
strain exist at the end of each loading cycle.
Parameters, g0, g1, g2 and ασ are the stress dependent nonlinear parameters
used to describe the nonlinear behaviour of trabecular bone. The parameter
g0 is a nonlinear instantaneous compliance parameter, the transient nonlinear
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parameter g1 measures the nonlinearity effect in the transient compliance, and
g2 describes the effects of loading rate on the transient creep response and ασ
is the time-shift factor. Decreasing g0 and g1, g2 (and product of g1g2) indicate
decrease of instantaneous and transient compliance, respectively, which also
implies increase of modulus (elastic stiffening), while increase of these param-
eters implies decrease of modulus (elastic softening). As can be seen those
parameters for Cycle I are unity as the Cycle I was assumed to be linear (Table
5.3).
Figure 5.9 shows the variation of the stress-dependent nonlinear viscoelas-
tic parameters, g0, g1, g2 and ασ for two typical samples with BV/TV = 25% and
46%. The results show that for sample with smaller BV/TV the values of g0,
g2 and aσ first decrease and then increase with the stress level, whereas the
value of g1 first increases slightly and then decreases slightly with the stress
level (Fig. 5.9a). The product of g1g2 which affects the transient response was
also found to first decrease and then increase. These observations indicated
the choice of a second order polynomial function to represent the nonlinear vis-
coelastic parameters as functions of normalised effective stress. These second
order functions produced coefficients of determination of r2 = 0.97, 0.72, 0.98
and 0.69 for parameters g0, g1, g2 and aσ, respectively, as shown in Fig. 5.9a.
For sample with higher BV/TV, Fig. 5.9b, the parameters g0, g1, g2 were
found to decrease and then increase slightly with the stress level, and aσ was
almost constant (≈ 1) and then decreased in the last stress cycle. The second
order polynomial functions of effective stress produced r2 values of 0.83, 0.90,
0.92, and 0.93 for g0, g1, g2 and aσ , respectively for this typical sample. The
increase in the values of g0, g1, g2 or the product of g1g2 essentially means that
the trabecular bone material experiences elastic softening (reduction of stiff-
ness) and decrease of these parameters imply that the material experiences
stiffening.
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Figure 5.9: Nonlinear viscoelastic parameters, g0, g1, g2 and ασ, ex-
pressed as second-order polynomial function of normalised effective
stress (σeff/σ0): BV/TV = 25% (a) and BV/TV = 46% (b) (Manda et al., 2016a).
Figures 5.10a, 5.10b, 5.10c and 5.10d show the variation of nonlinear vis-
coelastic parameters, g0, g1, g2 and ασ,respectively, which were expressed as
polynomial functions of effective stress, for all 19 samples. It can be seen that
the variation described for two typical samples is largely followed by all.
The irrecoverable strain along with nonlinear viscoelastic (recoverable) strain
response is shown in Figs. 5.11a and 5.11b. The figures also show the mea-
sured experimental strain response which comprises of the recoverable and
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Figure 5.10: Nonlinear viscoelastic parameters, expressed as second or-
der polynomial functions of effective stress, for all 19 samples are plotted
against normalized effective stress. Parameter g0 (a), parameter g1 (b), pa-
rameter g2 (c), parameter aσ (d) and product of the parameters g1 and g2 (e)
(Manda et al., 2016a).
irrecoverable strain components (Eq. 3.24). The viscoelastic strain was found
to recover fully ( to below 7 µε) in under 10 minutes during the recovery phase
of each loading cycle. Irrecoverable strains exist even at the end of the first
loading cycle (stress level corresponding to apparent strain of 0.2%) and were
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found to increase with stress. For sample with lower BV/TV, the irrecoverable
strain increased to 0.20% by the end of cycle V from 0.03% in cycle I (Fig.
5.11a), whereas for sample with higher BV/TV, it increased to 0.12% by the
end of loading cycle VI from 0.03% in cycle I (Fig. 5.11b).










































Figure 5.11: Pure viscoelastic (recoverable) and the irrecoverable strain
response are plotted along with the total creep strain response for two
typical samples: BV/TV=25% (a) and BV/TV=46% (b) (Manda et al., 2016a).
5.4 Viscoplasticity
The irrecoverable strains after 600 s of recovery in each loading cycle for all 19
samples are shown in Fig. 5.12a. There were no significant correlations found
between the irrecoverable strains and BV/TV in the loading cycles I-IV. How-
ever, a weak but significant power law correlation (εres = 0.0757(BV/TV)−0.61,
r2 = 0.34, p < 0.001) in the cycle V with BV/TV was found. At loading cycles
at higher stresses or loading cycles, strong and significant power law relation-
ships y = 0.0177x−2.93 (r2 = 0.78, p < 0.001) and y = 0.0862x−1.78 (r2 = 0.73,
p < 0.001) were found between the irrecoverable strains and BV/TV in the
cycles VI and VII, respectively. This irrecoverable strain was modelled as vis-
coplastic strain, which can be extracted by subtracting the nonlinear viscoelas-
tic strain from the experimental total strain response at each stress levels (as
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listed in Table 5.3). Here, two typical samples are selected and their viscoplas-
tic parameters are determined (BV/TV = 15% and 35%).
The Drucker-Prager yield criterion in conjunction with Perzyna viscoplastic-
ity model as discussed in Chapter 3 was employed. In this study, the friction
angle θ and dilation angle θ′ for the pressure-dependent Drucker-Prager yield
criterion were assumed to be 46°and 0°, respectively, based on previous in-
vestigation on bone (Mercer et al., 2006). Shape parameter d was assumed to
be 1 (Mercer et al., 2006). Consequently, α and β were equal to 1.035 and 0,
respectively.
The conducted MLCUR experiments permitted evaluation of viscoplastic
strain by subtracting the nonlinear viscoelastic strain from its total experimental
strain response. Viscoplastic multiplier (∆γV P/∆t, also called the viscoplastic
strain rate) can be obtained by differentiating the viscoplastic strain with respect
to time, as shown in Fig. 5.13 for two typical samples. Then, the viscoplastic
parameters Γ, κ0, κ1, κ2, N and σ0y were obtained by minimising the error
between experimental ∆γV P/∆t and Eq. 3.39 at the specified stress level as
shown in Fig. 5.13. The viscoplastic parameters were evaluated for the two
samples, in cycle with plateau stress of 0.66 MPa and 1.20 MPa, respectively,
and are show in Table 5.4.
Table 5.4: The values of the viscoplastic material parameters of two tra-
becular bone samples
BV/TV α β Γ(1/s) N σ0y(MPa) κ0(MPa) κ1(MPa) κ2
15% 1.035 0.0 4.34× 10−1 3.0 3.38 2.42× 10−3 2.11 4.62× 102
25% 1.035 0.0 4.91× 10−3 3.0 5.75 1.35× 10−10 4.11 3.50× 102
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Instantaneous strain where the applied load held constant [%]
(a)


































Irrecoverable strain at the end of cycle V
y=0.0757x-0.61, r2=0.34, p<0.001
Irrecoverable strain at the end of cycle VI
y=0.0177x-2.93, r2=0.78, p<0.001
Irrecoverable strain at the end of cycle VII
y=0.0862x-1.78, r2=0.73, p<0.001
(b)
Figure 5.12: Irrecoverable strain plotted against applied static strain and
the BV/TV. Irrecoverable strains at the end of each loading cycle in each sam-
ple with the applied static strain (where plateau force was held constant during
creep-recovery test) (a), irrecoverable strains in cycles V, VI and VII correspond-
ing to static strains of 1.0, 1.5 and 2.0% are plotted against BV/TV of all samples
(b). (Manda et al., 2016a)


























Fitted curve, Eq. 3.38
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Figure 5.13: The viscoplastic material parameter fitting results for two typ-
ical samples. BV/TV =15% (a) in a cycle with plateau stress of 0.66 MPa and
BV/TV = 25% (b) in a cycle with plateau stress 1.20 MPa.
5.5 Validation of developed constitutive models
The nonlinear viscoelastic parameters (Dg, Dn, λn, g0, g1, g2 and ασ) and vis-
coplastic parameters (Γ, κ0, κ1, κ2, N and σ0y) were determined from MLCUR
experimental data. The numerical algorithm, described above was developed
as a UMAT and used to simulate the MLCUR experiments in Abaqus.
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The predicted FE responses, including total strain response (Fig. 5.14a,
5.14b), nonlinear viscoelastic strain response (Fig. 5.14c, 5.14d) and vis-
coplastic strain response (Fig. 5.14e, 5.14f) for two typical samples are shown
(BV/TV = 15% and 25%). It is clear that the combined nonlinear viscoelastic-
viscoplastic model predicts the total strain responses well in lower stress level
cycles, but at higher stress levels the response was under predicted. At these
higher stress levels the experimental response may not be purely composed of
nonlinear viscoelasticity and viscoplasticity, but could include a possible dam-
age, which is not included in the developed constitutive models. Although pre-
dicted nonlinear viscoelastic response was in excellent agreement with the
measured response (Figs. 5.14c 5.14d), the predicted viscoplastic response
was found to deviate a little from the measured viscoplastic response (Figs.
5.14e 5.14f).
5.6 Discussion
Trabecular bone had been investigated extensively for its mechanical proper-
ties, but its time-independent behaviour has received little attention (Bowman
et al., 1994; Deligianni et al., 1994; Quaglini et al., 2009; Yamamoto et al.,
2006). The popular FE based simulations mostly consider the trabecular bone
as time-independent elastic material (Pankaj, 2013), but to predict the stability
of joint replacement and fracture fixation implants, it is necessary to consider
time-dependent properties for trabecular bone in FE simulations. Therefore,
simple BV/TV-based viscoelastic constitutive model, as well as the nonlinear
viscoelastic-viscoplastic constitutive models were developed.
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Figure 5.14: The predicted strain response from developed constitutive
models along with experimental strain response. The comparison of exper-
imental total strain response (a, b), nonlinear viscoelastic strain response (c,
d) and viscoplastic strain response (e, f) from MLCUR and the predicted strain
from Abaqus model for two trabecular bone samples.
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5.6.1 BV/TV-viscoelastic
The Prony coefficients associated with linear viscoelastic response are deter-
mined from the loading phase at the small load levels (corresponding to 2,000
µε). The relationships between time-independent elastic modulus and BV/TV
(or density) have been reported extensively over the last two decades, but
similar relationships of BV/TV with viscoelastic properties have not been pre-
viously investigated, to the best of author’s knowledge. The results show that
BV/TV can be significantly related to creep compliance functions with the co-
efficients of determination of r2 =0.73 (p < 0.001), respectively. It is important
to note that similar r2 values have been previously reported by studies that re-
late bone density to time-independent elastic modulus (Morgan et al., 2003).
In fact the instantaneous elastic compliance-BV/TV relationship from the creep
experiments conducted in this study is similar to the relations reported in the
literature (Zysset, 2003) with similar r2 value.
Most commercial FE packages have viscoelastic modelling capabilities.
With existing imaging capabilities subject-specific BV/TV values can be esti-
mated permitting the application of viscoelastic properties based on the rela-
tionships developed in this study in finite element models if time-dependent
behaviour of trabecular bone is of concern. Trabecular bone provides anchor-
age to orthopaedic implants, whose stability depends not only on bone quality
but also on its relaxation or creep behaviour. The major role of trabecular bone
is not only transferring the load but also to dissipate energy during daily ac-
tivities thereby protecting the articular cartilage as well as the ends of long
bones. So the developed BV/TV-based constitutive model can be easily used
in FE simulations aimed at enhancing the understanding of clinically related
problems.
98 Chapter 5. Constitutive models for untreated trabecular bone
5.6.2 Nonlinear viscoelasticity
The strain response from the unloading phase of the conducted experiments
is viscoelastic, but it was found to vary nonlinearly with stress. Identification
of the nonlinear parameters for trabecular bone can be classified as two-step
process. The linear parameters (Dg, Dn, λn) can be obtained by fitting the un-
loading strain response with 3-term Prony series from its first loading cycle
(equivalent to 2,000 µε, assumed as linear). Bowman et al. (1994) experimen-
tally observed the creep behaviour of trabecular bone until failure at different
applied normalised stress levels (0.5% to 1% elastic strains) and concluded
that the creep behaviour of trabecular bone is nonlinearly dependent on ap-
plied stress level. Since tests in this study were performed at relatively low
stresses (maximum creep strain was under 0.26% from its first loading cycle,
Fig. 5.2a) and the assumption of linear viscoelasticity appears to be valid.
In the second steps the linear viscoelastic response from the last step with
additional appropriate nonlinear parameters is used to manipulate and match
with experimental response at the higher stress levels. Thereby, the corre-
sponding nonlinear parameters are evaluated at multiple stress levels.
All samples showed similar convex shape (Fig. 5.10a). For parameter g0,
which affects the instantaneous response, depending on their BV/TV with the
coefficients of determination (r2) of the polynomial functions were in the range
of 0.18-0.99. The product of the parameters g1 and g2 which affects the tran-
sient response, Fig. 5.10e, produced the r2 value in the range of 0.37-0.99.
Some of the second-order polynomial functions of g0 and g1g2 for some sam-
ples were weakly correlated; however, all of the correlations were positive and
showed an initially decreasing and then increasing trend, which implies de-
creasing and increasing trend in the instantaneous and transient responses
(recoverable compliance), respectively, with increasing stress. These functions
of stress-dependent parameters explain the stiffening-softening behaviour of
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trabecular bone well under compressive creep loading. The change in param-
eter ασ shows the nonlinearity in the time-shift factor as a function of stress.
The approximations using second-order polynomial functions of stress were
considered appropriate as the experiments provided only data points corre-
sponding to 5-8 stress levels. The outstanding fact about these approxima-
tions is that all the functions revealed a stiffening-softening behaviour for all
trabecular bone samples with varying degrees of success. With increasing
stress the parameter g0 and the product g1g2 reduce to less than 1 indicating
stiffening (or reduced compliance) followed by an increase beyond 1 indicating
softening (or increased compliance) with the further increase in stress . This
can be clearly seen from Fig. 5.10 and it can be observed that the viscoelastic
response of samples with lower BV/TV was significantly different from sam-
ples with higher BV/TV. In general, for lower BV/TV samples, the parameters
reach their minima and increase to greater than 1 rapidly, indicating quicker
stiffening-softening behaviour with stress. For samples with higher BV/TV, the
same behaviour was observed to vary more slowly with stress. From these
results, it appears BV/TV is a good predictor of nonlinear stress-dependent
viscoelastic response of the trabecular bone. Those results are consistent with
the analysis undertaken using primarily experimental data in Chapter 4.
5.6.3 Viscoplasticity
One of the advantage of employing MLCUR experiment on investigation of
time-dependent behaviour of trabecular bone, is that it allowed separation of
viscoplastic and nonlinear viscoelastic strain from the total strain. This permits
inclusion of viscoplasticity in modelling and a more realistic simulation of whole
bone mechanics to address clinically relevant problems, and long-term creep
simulation during ageing due to daily activities of life.
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A constitutive model was developed to predict the complete time-dependent
response of trabecular bone which always contains recoverable and irrecover-
able responses. The numerical algorithm shows a good predictions of the time-
dependent response of trabecular bone when subjected to different creep-
recovery loading cycles. This model will be used at the later chapters to simu-
lated the interfacial mechanics of a idealised bone-screw system under cyclic
loading.
5.7 Limitation
The lower bond for the time range of retardation time (τn) for developed model
was around 0.35 s. Since it is quite small and not too different to the loading
time (with strain rate 0.01s−1, i.e. 0.2 s to reach 2,000 µε in the experiment),
some creep strain may develop during the finite ramp loading. Further tests at
the higher and lower strain rates are necessary to verify this.
5.8 Conclusions
• Time-dependent response of trabecular bone comprises of both recover-
able and irrecoverable strain.
• Bone’s mechanical response is BV/TV dependent, elastic stiffening fol-
lowed by elastic softening is observed for relatively denser bone, while
elastic softening may may start from very low load level for porous bone.
• Schapery’s nonlinear viscoelastic constitutive model can predict the re-
covery behaviour well.
• Nonlinear viscoelastic-viscoplastic model is able to predict the creep-
recovery behaviour of trabecular bone, which can be used in FE mod-
elling to predict bone’s mechanical behaviour more realistically.
“Each problem that I solved became a rule, which




Trabecular bone is a composite and consequently, it is important to understand
the contribution of the constituents to its mechanical behaviour (Chapter 2).
This Chapter examines the mechanical behaviour of demineralised trabecular
bone, to understand the contribution of trabecular bone’s organic phase to its
overall behaviour.
Cyclic loading had been used to investigate the material properties of corti-
cal (Caler and Carter, 1989) and trabecular bone (Cotton et al., 2005; Dendor-
fer et al., 2008), but these cited studies used constant amplitude rather than dif-
ferent amplitude. Cyclic loading with amplitude increased step-wise has been
successfully used for biopolymer (Münster et al., 2013) and to limited extent on
trabecular bone (Topoliński et al., 2011). Cyclic loading with increasing ampli-
tude is capable of providing much greater information with shorter test duration
(Topoliński et al., 2011).
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To evaluate the mechanical behaviour of the organic phase, a number of
previous studies have undertaken mechanical tests on demineralised bone;
almost all of which have been on cortical bone (Bowman et al., 1999, 1996;
Burstein et al., 1975; Catanese III et al., 1999; Novitskaya et al., 2011, 2013).
Evaluation of elastic modulus and strength through monotonically increasing
loading in tension (Bowman et al., 1996; Burstein et al., 1975; Catanese III
et al., 1999) or compression (Novitskaya et al., 2011) has been the focus of
most studies. Novitskaya et al. (2013) conducted cyclic loading tests on dem-
ineralised cortical bone in three different directions and showed that cortical
bone has anisotropic cyclic behaviour with larger energy dissipation in trans-
verse directions. Loading cycles in this cited study were confined to compres-
sion although the contribution of the organic phase to tension has been noted
to be much more significant (Burstein et al., 1975). Studies conducted on the
mechanical behaviour of demineralised trabecular bone are limited, confined
to monotonic loading in compression and generally conducted with an aim to
evaluate elastic modulus and strength (Chen and McKittrick, 2011). These
limited studies indicate that there is considerable gap in understanding the
mechanical behaviour of the organic phase of bone under cyclic loading at
different load levels.
Therefore, the first part of this chapter aims to fill this gap by investigating
the mechanical properties of demineralised trabecular bone (collagen matrix)
by using reversed cyclic loading from tension to compression with load ampli-
tude increasing stepwise. The objective is to investigate the differences in me-
chanical properties in tension and compression, and the influence of porosity.
In the second part, the time-dependent behaviour of demineralised trabecular
bone is investigated at varying stress levels by conducting tensile MLCUR ex-
periments. The long-term creep behaviour of demineralised cortical bone had
been previously examined, but only at a single stress level for each sample
(Bowman et al., 1996).
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6.1 Sample preparation
Fresh proximal tibia, from bovine (under 30 months old when slaughtered),
were obtained from a local abattoir and stored at -20 °C until utilised. The
bones were allowed to thaw at room temperature before bone cores were ex-
tracted along its principal axis, using diamond coring tools (Starlite, Rosement,
IL, USA). A low speed rotating saw (Buehler, Germany) was used to create
parallel sections and to trim growth plates if they were present. All coring and
cutting were conducted in a water bath to avoid excessive heat generation. The
cylindrical bone samples had a diameter of 10.6 ± 0.1 mm and mean height
of 22.1 ± 0.7 mm.
Bone marrow was removed from each sample using a dental water jet (In-
terplak, Conair) with tap water at room temperature (Lievers et al., 2007). All
the samples were then centrifuged at 2000 r.p.m for 2 hours to remove any
residual marrow (Sharp et al., 1990) at 37 °C and the samples were wrapped
in PBS-soaked tissue paper.
6.2 µCT scanning
All the samples were scanned using µCT scanner (Skyscan 1172, Bruker, Kon-
tich, Belgium) at a resolution of 17.22 µm. The system’s software was used to
evaluate BV/TV of the bone, which was found to be in the range 15.5 - 37.6%.
Scanning parameters used were: source voltage 54 kV , current 185 µA,
exposure 885 ms with a 0.5 mm aluminium filter between X-ray source and
the sample. The image quality was improved by using 2 frames averaging.
It should be noted that the BV/TV mentioned in this Chapter relates to the
BV/TV of its original sample (i.e. sample before demineralisation), because it
is impossible to obtain the BV/TV for demineralised trabecular bone with µCT
scanning.
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6.3 Demineralisation
After scanning, demineralisation was conducted by submerging samples in 20
ml 0.6N hydrochloric acid (HCl) at room temperature with the assistance of a
racking system. The solution was changed daily (Manilay et al., 2013) for two
weeks after which the completeness of demineralisation was verified using
µCT scanning. All samples were found to be fully demineralised in 2 weeks. It
should be noted that although ethylenediaminetetraacetic acid (EDTA) solution
has been previously used to demineralise bone, we used HCl because the pro-
cess is much quicker and has been employed successfully in previous studies
(Burstein et al., 1975; Castro-Ceseña et al., 2013; Chen and McKittrick, 2011;
Chen et al., 2011).
Figure 6.1 shows a typical sample’s µCT image before and after deminer-
alisation. From visual inspection of sample’s architecture, it is clear to see the
architecture before demineralisation and is not after demineralisation.
Figure 6.1: µCT images of trabecular bone sample before and after dem-
ineralisation. It shows the both top views (top images) and the side views
(bottom images) of the cylindrical sample.
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6.4 Experiment set-up
Samples were fixed into end-caps (Fig. 6.2) using bone cement (Simplex,
Stryker, UK) with the assistance of a custom made alignment tool in order to
minimise the end-artefacts during testing (Keaveny et al., 1997). The effec-
tive length (19.1 ± 0.7 mm) of each sample was calculated as the length of
the sample between the end-caps plus half the length of the sample embed-
ded within the end-caps (Keaveny et al., 1997). Each sample was placed in
an epoxy tube filled with phosphate-buffered saline (PBS) to ensure that they
remained hydrated at all stages of mechanical testing.
Figure 6.2: Schematic representation of loading
set up. Sample is kept hydrated in the water bath
throughout mechanical testing.
There were two different type of experiments conducted on demineralised
trabecular bone samples. Five of them were subjected to fully-reversed tension-
compression experiment and the other eight were subjected to tensile multiple-
load-creep-unload-recovery (MLCUR) experiment.
Data related to Chapters 6 and 7 can be found at Edinburgh DataShare.
It includes µCT images and experiment results and it entitled ’Charac-
terisation of mechanical behaviour of demineralised and deproteinised
trabecular bone samples’ (http://dx.doi.org/10.7488/ds/2339).
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6.5 Fully-reversed tension-compression experiment
6.5.1 Mechanical test
Each sample was subjected to reversible cyclic loading by means of an Instron
material testing machine (50 N load cell, Model 3367). Samples were sub-
jected to 5 loading cycles varying from tension to compression to the same
axial force amplitude after which the load level was increased (Fig. 6.3). Five
load levels were selected: 0.2, 0.4, 0.6, 0.8 and 1.0 N (corresponding to av-
erage axial stress varying from 2.27 to 11.33 kPa). The choice of 5 cycles
at each load level was based on preliminary tests, which showed that most
variation in strain (or displacement) response occurred in the first five cycles,
after which this variation was very small. Preliminary tests also showed that
initiating the first cycle in tension or compression made little difference to the
strain response. Cyclic loads were applied under strain control, i.e. the strain
was slowly increased till the required load level was achieved. A very slow 0.1
%/s strain-based loading rate was used to minimise the heat generation (e.g.
demineralised samples took from 1 to 11 s to attain a load of 0.2 N ).






















Figure 6.3: Load application of fully-reversed tension-compression cyclic
loading experiment. Each sample is subjected to cyclic loading from tension
to compression at five load levels from 0.2 N to 1 N with 0.2 N intervals, and 5
cycles to be applied to demineralised sample at each load level.
Ratcheting strain can be defined as the average of peak strain in tension
(εpeakt ) and compression (εpeakc ) at the same load level (Fig. 6.4). A non-zero
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ratcheting strain only occurs when the mechanical properties in tension and
compression are different (Shariati et al., 2012). These were determined for
the cyclic load tests. The secant moduli, defined as four different slopes for
one complete cycle of loading and unloading in tension and compression as
shown in Fig. 6.4 were evaluated. Dissipated strain energy density in tension
(DSEDT) and compression (DSEDC), as shown in Fig. 6.4, was also deter-
mined for all load levels and for all samples.
Figure 6.4: Definition of terms: εpeakt and ε
peak
c are the peak strains at the
end of a loading cycle in tension and compression respectively. The secant
moduli represent four different slopes for one complete cycle with subscripts
‘t’ and ‘c’ denoting tension and compression respectively, and the superscripts
representing loading and unloading branches. DSEDT and DSEDC represent
dissipated strain energy density in tension and compression, respectively.
6.5.2 Results
The stress-strain curves for the first cycle at the lowest load level (0.2 N ) and
the highest load level (1.0 N ) are shown in Fig. 6.5a and 6.5b, respectively. It
is apparent that the resulting strain response is associated with the samples
original BV/TV; samples with higher BV/TV experience much lower strain in
comparison to the more porous samples. For example, the sample with BV/TV
= 32% experienced only 0.14% strain in tension compared to 0.82% strain
observed for sample with BV/TV = 21% (Fig. 6.5a). Comparing tension (taken
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as positive) and compression for the first load cycle, it can be seen that the
differences in axial strain magnitude is small for samples with higher BV/TV
and the difference increases with increasing porosity and with increasing load
level (Fig. 6.5b). It is clear that the mechanical behaviour of demineralised
trabecular bone is strongly dependent on its original BV/TV.
This trend is consistent for all cycles and at all load levels. This is illustrated
in Fig. 6.6a and 6.6b which show the cyclic loading history for two typical
samples; the insets show load application. For clarity, only the first and fifth
cycles for each load level are shown. Comparing Fig. 6.6a and 6.6b, it is
apparent that the higher BV/TV sample experiences lower strains at the same
load level (i.e. it is stiffer) for both tension and compression. Nonlinearity of the
stress-strain response is also more pronounced for the lower BV/TV sample
(Fig. 6.6a). This BV/TV dependence was observed with all the samples.
Another apparent observation from the shape of the curves in Fig. 6.6 is
that the demineralised samples become stiffer with increasing stress in tension
and exhibit stiffness reduction with increasing stress in compression; this was
observed at all load levels, in all cycles and for all tested samples. More im-
portantly, the transition from tension to compression is smooth for every load
level (Fig 6.6a and 6.6b); this was observed for all the samples tested. Fur-
ther examination of the loading and unloading curves in compression indicates
that buckling is not entirely elastic. Figure 6.6 clearly indicates that the original
BV/TV plays an important role in the cyclic response of demineralised trabec-
ular bone. It is important to note that all samples were extracted in the same
direction, from similar anatomical site, from cattle of about the same age and
employing the same demineralisation process i.e. by using HCl solution.
Ratcheting strain
Ratcheting strain can be defined as the average of peak strain in tension (εpeakt )
taken as positive and compression (εpeakc ) taken as negative at the same load
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Figure 6.5: The stress-strain loops for demineralised trabecular bone sam-
ples under fully reversed tension-compression cyclic loading. Curves for
samples tested at load level 1 (0.2 N ) (a) and load level 5 (1 N ) (b) for the first
cycle of loading.






























Figure 6.6: Comparison of all load levels for two typical samples under
fully-reversed tension-compression cyclic loading. BV/TV = 21% (a) and
BV/TV = 32% (b). For clarity, only the response to the first (solid line) and the
fifth (dotted line) loading cycles are shown for each load level. Inset shows load
application.
level (Fig. 6.4). A non-zero ratcheting strain only occurs when the mechanical
properties in tension and compression are different (Shariati et al., 2012).
The most porous sample (with BV/TV of 21%) was considered first for
demonstrating the variation in ratcheting strain (εr) in different cycles and at
different load levels (Fig. 6.7a). Ratcheting strain was consistently negative,
which implies that the demineralised samples experience larger strain in com-
pression than in tension at the same load level (Fig. 6.7a). Even for this most
porous sample the ratcheting strain only increases marginally with increasing
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cycle number; while the increase with load level is nonlinear and much more
significant. Next the ratcheting strain was considered for all 5 samples in the
first load cycle for all load levels. As expected, the magnitude of ratcheting
strains is much larger for samples with lower BV/TV (Fig. 6.7b). Also the ratch-
eting strains are consistently negative and their magnitude increases rapidly
with load level (Fig. 6.7) indicating that the organic phase has a much better
load bearing capability in tension without significant additional strains than in
compression.
Dissipated strain energy density
DSEDT and DSEDC were calculated by integrating corresponding areas, as
discussed and the results are shown in Fig. 6.8 for the first cycle for each
load level. Both DSEDT and DSEDC increase with increasing load levels,
and dissipated strain energy values and their rate of change increases with
decreasing BV/TV (Fig. 6.8). Energy dissipation in compression was found to
be consistently higher than in tension. This is because the samples experience
not only lower strains in tension but also because tensile strains do not have
large irreversible component. On the other hand, in compression the samples
experience large strains and these include relatively large irreversible strains
due to inelastic buckling of collagen struts.
Secant modulus
As discussed, four secant moduli were evaluated (Fig. 6.4): Eloadingt , E
unloading
t ,
Eloadingc and Eunloadingc . These are illustrated for samples with the largest and
smallest BV/TV in Fig. 6.9. As expected, the porous sample has smaller secant
moduli in comparison to the denser sample (i.e. Eloadingt = 0.28 MPa for BV/TV
= 21% compared with 1.66 MPa for BV/TV = 32%). The unloading modulus
is always higher than the loading modulus in both tension and compression.
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BV/TV=21%

















































Figure 6.7: Ratcheting strain ((εpeakt +ε
peak
c )/2), for all load levels and all cycles
for a sample with BV/TV = 21% (a), and from cycle 1 for all samples at varying
load levels (b).

















































Figure 6.8: Dissipated strain energy density in tension and compression
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(b)
Figure 6.9: Secant moduli for two samples. BV/TV = 21% (a) and BV/TV =
32% (b).
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With increasing load level, Eunloadingt remains almost constant, while E
loading
t
decreases slightly. In contrast to tension, Eloadingc and Eunloadingc both decrease
dramatically with increasing load level. This interesting trend, followed by all
the samples, indicates that while compression leads to significant irreversible
strain with increasing load in the demineralised microstructure of bone, this is
relatively small in tension.
6.5.3 Discussion
This study considered fully reversible tension-compression cyclic loading tests
on 5 demineralised trabecular bone samples with BV/TV ranging from 21%
to 32%. Samples were subjected to five different load levels (0.2 to 1 N at
0.2 N interval denoted as load level 1 to 5), and 5 cycles were applied at
each load level. The asymmetric responses of the organic phase of trabecular
bone were found when it loaded cyclically from tension to compression. The
study shows demineralised trabecular microstructure stiffens in tension and
undergoes stiffness reduction in compression. The trend of the asymmetric
mechanical response is associated to the original BV/TV.
In previous studies the shape of loading curve in compression for untreated
trabecular bone have shown a reduced load carrying capacity with increasing
load (Hansen et al., 2008; Kopperdahl and Keaveny, 1998; Matsuura et al.,
2008) but unloading demonstrates that much of this is due to irrecoverable
plastic strain (Keaveny et al., 1999; Moore and Gibson, 2002; Rapillard et al.,
2006). It is perhaps not improper to infer that this is due to the damage and
failure of the mineral phase. Stiffness reduction in compression has been pre-
viously observed for demineralised cortical bone (Novitskaya et al., 2013). For
trabecular bone, however, the stiffness reduction is likely to be accentuated
due to elastic and inelastic buckling of demineralised trabecular struts. Pre-
vious tests in tension on demineralised cortical bone have shown stiffening
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with load increase (Bowman et al., 1996; Catanese III et al., 1999), similar to
what was observed in this study. For untreated bone, however, it is stiffness
reduction (rather than stiffness increase) that has been previously observed in
tension as well (Kopperdahl and Keaveny, 1998), which can be attributed to
failure of the mineral-collagen interface.
To the best of author’s knowledge, there have been no previous tests on
demineralised bone, cortical or trabecular, that have considered fully reversible
cyclic loading. However, similar compression-softening and stretch-stiffening
have been previously observed in semi-flexible biopolymers (van Oosten et al.,
2016) where it has been suggested that this asymmetric response in tension
and compression is caused by the bending and/or buckling stress in fibres
under compression, force for which is much lower than the load required for
straightening and stretching. This behaviour is akin to a rectangular steel frame
braced along one diagonal and subjected to shear (Berman et al., 2005). When
the diagonal brace is in tension the deformation of the frame is limited but
when it is in compression its inelastic buckling results in larger deformation
and residual deformations.
Observed irreversible strain, author believes, is due to inelastic buckling in
compression as stated above and has implications for old/osteoporotic bone.
Ageing bone not only leads to reduction in BV/TV but also relative increase in
mineral to collagen ratio (Bailey et al., 1999). Consequently, there is increased
reliance on the limited organic phase to provide ductility; the results show that
the demand to sustain increasing magnitudes of strain by the organic phase
increases dramatically in compression with decreasing BV/TV. At the macro
scale the behaviour of bone in tension and its fracture toughness have been
seen as key to bone fracture (Vashishth, 2007) while results from this section
indicate that possible failure due to inelastic trabecular buckling in compression
needs greater consideration. Mineral deposition increases the elastic modu-
lus of bone and hence the buckling load, however once bucking is initiated
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(which is more likely in low BV/TV bone) then it is likely to be inelastic due to
limited contribution of mineral in tension. Buckling has been previously pro-
posed as the probable cause of failure for vertebral trabecular bone (Bell et al.,
1967; Snyder et al., 1993),. The results from this section demonstrated that
this buckling of trabeculae could be initiated from organic phase of trabecular
bone. This study also shows that the possibility of hip fractures in the elderly
occurring due to normal physiological activities, such as level walking, resulting
in the individual falling down (rather than the fracture being caused by a fall)
does exist (Viceconti et al., 2012).
A few studies have attempted to develop predictive models of the mechan-
ical behaviour of bone based on the properties of the mineral, organic phase
and their interaction at either the solid phase level (Hamed et al., 2012b) or in
terms of demineralised and deproteinised macro level (Lubarda et al., 2012).
These cited studies have been limited to the prediction of elastic properties
and have not distinguished between compression and tension. This study can
help take these predictive models forward. It is important to note that many of
the findings in this study were only made possible by the novel experimental
protocol which permitted evaluation of demineralised samples at different load
levels and in both tension and compression.
6.5.4 Limitations
This study suffers from a number of limitations. Firstly, all the tests were con-
ducted at room temperature; creep behaviour has been reported to be temper-
ature dependent (Bonfield and Li, 1968). Secondly, the stress-strain responses
were measured directly from the machine rather than using extensometer, but
the aim of the study is to compare the trends response to reversible cyclic
loading from tension to compression and across samples with different BV/TV
prior to demineralisation. Lastly, since only limited number of samples were
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considered, a statistical analysis that considers the influence of different vari-
ables was not possible. These trends, author believes, are real despite the
limitations.
6.6 Tensile MLCUR experiment
6.6.1 Mechanical test
Each sample was first preconditioned by subjecting it to 10 cycles of tensile
loading with an amplitude of 0.1% apparent strain. The tensile multiple-load-
creep-unload-recovery (MLCUR) experiment (Fig. 6.10) was conducted on 8
fully demineralised trabecular bone samples by using Instron material testing
machine (50 N load cell, Model 3367).
Loading cycles comprise of load application corresponding to 0.6 %ε, 0.8
%ε, 1.0 %ε, 1.5 %ε, 2.0 %ε, 2.5 %ε, 3.0 %ε, 3.5 %ε, apparent static strains at the
rate of 1.0 %ε/s. While the first few strain levels are below the apparent yield
strain for trabecular bone, the later ones are above it (Bayraktar et al., 2004).
When the target strain was achieved the corresponding load was maintained
for 400 s thereby permitting the sample to undergo creep. Each loading step
was followed by an unloading step to a zero force at the same rate for loading
(1.0 %ε/s) and this force was maintained for 1000 s before proceeding to the
next cycle. The durations for creep and recovery were determined after initial
pilot tests which showed that 400 s and 1000 s were more than sufficient for
the samples to achieve a constant creep rate and for recovery curves to reach
a plateau, respectively.
6.6.2 Results
Without exception, each sample exhibited classical rapid primary and slow sec-
ondary regimes of creep behaviour across all stress levels and all 8 samples
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could be subjected to the highest designated stress level, which corresponded
to static strain of 3.5 %ε, without tertiary creep.
Experiment observations
Figure 6.11a shows a strain response from tensile MLCUR experiment for one
typical sample (medium porosity, BV/TV = 26.8 %). The stress levels were only
12.3 kPa and 106.9 kPa for achieving corresponding apparent static strain lev-
els of 0.6 %ε and 3.5 %ε, respectively. The time-varying compliance defined
as the ratio between time-varying strain and its corresponding stress level, de-
noted as Dcret and Drect for creep and recovery, respectively, were both found
to increase with time for all stress levels as expected for viscoelastic material
(Fig 6.11b and 6.11c). The compliances, Dcret and Drect , for demineralised tra-
becular bone were also found to vary with stress levels, indicating a nonlinear
viscoelastic response.
It can be seen that for this typical sample, the time-varying compliance de-
creases with increasing stress levels (i.e. the curves at lower stress levels
were above those at the higher stress level), and this was true for both creep
and recovery compliances (Fig 6.11b and 6.11c, respectively). This decreas-
ing trend was followed by all the tested samples, which demonstrated elastic
stiffening with increasing stress levels. It was also observed that the recov-
ery compliance (Drect ) were slightly smaller than creep compliance (Dcret ) at
the same cycle (or at the same applied stress level). It was apparent that the
creep compliance (Dcret ) showed an increasing trend with time for every load-
ing cycle, while recovery compliance (Drect ) reached a plateau after almost 400
s of recovery. This also reveals that irrecoverable strain develops in the loading
and load holding phases, while viscoelastic strain recovers during unloading
and recovery phases.
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Figure 6.10: Load application of tensile multiple-load-creep-unload-
recovery (MLCUR) experiment.
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Figure 6.11: Experimental response and time-varying compliances for one
typical sample. Experimental response of demineralised sample from tensile
MLCUR test (a); experimental time-varying creep compliance (b) and recovery
compliance (c) with varying stress levels.
118 Chapter 6. Demineralised trabecular bone
Compliance at the end of creep (t = 400 s) and recovery (t = 1400 s) from
every loading cycle are shown in Fig. 6.11b and 6.11c, denoted as Dcret=400
andDrect=1400, respectively. Figure 6.12 shows both compliances plotted against
normalised effective stress (σ/σ0), for all tested samples. The normalised ef-
fective stress (σ/σ0) defined as the stress in each cycle divided by the stress
from its first cycle (Manda et al., 2016a).
Figure 6.12: Compliances vs.
normalised effective stress.
Creep compliance at 400 s
(Dcret=400) and recovery compli-
ance at 1400 s (Drect=1400) plot-
ted against normalised effective
stress for all 8 specimens.
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The creep compliance at t = 400 s (Dcret=400) was in the range of 0.24 × 10−3
to 1.40 × 10−3 kPa−1, and the recovery compliance at t = 1400 (Drect=1400) was
in the range 0.22 × 10−3 to 1.35 × 10−3 kPa−1 as shown in Fig. 6.12. The
clear decreasing trend in compliances with increased normalised stress level
was observed for almost all tested samples, except one sample with BV/TV =
17.8 % (in which the compliance slightly increased at first few cycles, but it de-
creased at the higher cycles). These results show that the samples with higher
BV/TV have a lower compliance in comparison to samples with lower BV/TV
(e.g. at Cycle I, theDcret=400 is 1.14×10−3 kPa−1 for BV/TV of 15.5 % and reduced
to 0.53 × 10−3 kPa−1 when BV/TV increased to 37.6 %). This BV/TV-based
compliance dependence trend was largely followed by all samples, except two
specimens (BV/TV = 33.8 % and 23.8 %). Decreasing compliance with stress
level indicates that the demineralised trabecular bone behaves in nonlinear
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viscoelastic manner and it stiffens with increasing stress levels. Therefore, the
nonlinear constitutive model is required to describe time-dependent behaviour
of demineralised trabecular bone.
The compliances from the recovery regimes become constant (recovery
curve reach a plateau) in a short time, which indicates that the viscoelastic
strain were recovered fully within this 1000 s of recovery time in each loading
cycle. The strains at the end of each cycle were irrecoverable and it was found
to exist even at the end of first loading cycle. Figure 6.13 shows the irrecover-
able strain along with its applied apparent static strain for all the cycles and all
the samples. A reasonable (r2 = 0.77, p<0.0001) power law relationship was
found between irrecoverable strain and applied static strain, whereas no sig-
nificant correlation was found between the irrecoverable strain and its original
BV/TV. It was clear that this irrecoverable strain increases with applied load
level for all demineralised trabecular bone sample.
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y = 8.23e-3 x 1.34
(r2 = 0.77 , p < 0.0001)
Figure 6.13: Irrecoverable
strain vs. applied apparent
static strain. Irrecoverable
strain at the end of each loading
cycle for all the specimens
plotted against the applied
apparent static strain (where
plateau force was held con-
stant during test) with a power
law relationship (r2 = 0.77 ,
p<0.0001).
Constitutive model
The linear and nonlinear Kelvin-Voigt model or Prony series were selected to
describe time-dependent behaviour, described by Park and Schapery (1999)
and discussed in Chapter 3. Some of equations are repeated here for conve-
nience. The linear and nonlinear viscoelastic strain denoted as LVE and NVE
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given by:







εnve(t) = g0Dgσ + g1
∫ t
0
∆D(ψt − ψτ )d(g2σ(τ))
dτ
τ (3.20)
respectively. Following the approach used for untreated bone in the last Chap-
ter, where the first cycle was assumed linear viscoelastic, so that glassy or
instantaneous compliance (Dg), transient retardation strengths (∆D) and re-
tardation times (τ ) can be evaluated by minimising the errors between exper-
imental measurements and Eq. 3.11. Thereafter, the stress dependent non-
linear parameters g0, g1, g2 and ασ in Eq. 3.20 can be evaluated from higher
loading cycles.
By fitting experimental curves from demineralised trabecular bone with LVE
constitutive model, the instantaneous compliance (Dg) were found to be in the
range 0.20 to 0.66 MPa−1 (Fig. 6.14). It was also found that Dg decreased
with increasing BV/TV with a power law relationship, Dg = 6.43× (BV/TV)−0.87
(r2 = 0.55, p<0.0001), as shown in Fig. 6.14.
As stated above, the demineralised trabecular bone response was in a non-
linear manner with respect to stress and stress-dependent nonlinear parame-
ters were evaluated from higher loading cycles. Figure 6.15 shows a variation
of these parameters for a typical sample with BV/TV = 26.8 %. It shows that
Figure 6.14: Instantaneous com-
pliance (Dg) plotted against BV/TV
for pooled data. Power law rela-
tionship was found, Dg = 0.12 ×
BV/TV−0.87 (r2 = 0.55, p<0.0001).

















y = 6.4 x -0.870 , r2 = 0.55 , p < 0.0001
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for this typical sample, the values of g0 and g2 decrease with increasing nor-
malised effective stress, whereas the values of g1 and ασ are almost constant
(Fig. 6.15). The product of g1g2, which affects the transient response was also
found to decrease with increasing normalised effective stress. These observa-
tions lead to the choice of a second-order polynomial function to represent the
nonlinear viscoelastic parameters as functions of normalised effective stress,
which produced coefficients of determination of r2 = 0.93, 0.84, 0.99 and 0.96
for parameters g0, g1, g2 and ασ, respectively, as shown in Fig. 6.15 for the
selected typical sample. The decreasing trend of curves indicates that the
demineralised trabecular bone stiffens with increased stress levels, and this
elastic stiffening phenomenon were observed for all the samples tested.
The accuracy of linear viscoelastic (LVE) and nonlinear viscoelastic (NVE)
constitutive model were compared with experimental strain response without
considering residual strain (or irrecoverable strain) (Fig. 6.16a and 6.16b) and
with residual strain in consideration (Fig. 6.16c and 6.16d) for two typical sam-
ples with BV/TV = 15.5% and 37.6%. These samples had the lowest and
highest BV/TV. For clarity, only first 5 loading cycles are shown in Fig. 6.16.
It is important to reiterate that LVE and NVE constitutive models are based
on recovery response which only comprises of viscoelastic response. Hence,
the LVE and NVE prediction compared with experimental strain response with-
out residual strain (Fig. 6.16a and 6.16b), i.e. in this case, the residual strain
has been subtracted from each cycle. It is clear that the NVE constitutive
model gives a more accurate prediction, whereas the LVE constitutive model
gives a reasonable prediction at the lower loading cycle; it over-predicts the
strain response at the higher cycles, which also indicates that the deminer-
alised trabecular bone undergoes elastic stiffening with increased stress levels
(Fig. 6.16a and 6.16b). This was found to be true for all the samples tested in
this study.
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Figure 6.15: Nonlinear viscoelastic parameters for a typical demineralised
sample. g0, g1, g2, ασ and g1g2, are expressed as second-order polynomial
functions of effective stress for a typical sample with BV/TV = 26.8 %.
















































































Figure 6.16: The comparison of experimental strain response and consti-
tutive model predictions. Experiment response and the predicted LVE and
NVE strain response when residual strain excluded (a and b), when residual
strain included (c and d), for two samples with lowest and highest BV/TV.
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The viscoplastic (VP) strain can be evaluated by taking the difference be-
tween creep (which include both viscoelastic and viscoplastic) and recovery
curve (viscoelastic only), as shown in Fig. 6.16c and 6.16d. The accuracy of
NVE model prediction is decreased when viscoplastic strain taking into account
and as discussed earlier, this irrecoverable strain is not significantly related to
bone’s BV/TV (Fig. 6.13).
6.6.3 Discussion
This tensile multiple-load-creep-unload-recovery (MLCUR) experiment demon-
strates that demineralised trabecular bone’s response to mechanical forces is
time-dependent and the strain always comprises of recoverable and irrecover-
able components even at low stress levels. The results also showed that this
time-dependent behaviour of demineralised trabecular bone varies nonlinearly
with the applied stress, and it stiffens with increased stress levels.
The MLCUR experiment had been successfully conducted to investigate
untreated trabecular bones time-dependent behaviour (Chapter 4 and 5). There-
fore, this Chapter employed a similar MLCUR experimental protocol and sim-
ilar analysis approaches to evaluate the time-dependent behaviour of dem-
ineralised trabecular bone. The 400 s for creep and 1000 s for recovery were
chosen after number of preliminary studies, which showed that the steady state
creep rate becomes constant in less than 400 s upon loading and the recov-
ery curves reach a plateau in less than 1000 s. Previous studies have shown
that the demineralised bone dose not yield up to an apparent yield of 10% in
tension (Bowman et al., 1996). Therefore, the first strain level of 0.6 %ε can be
considered still in the elastic range.
While untreated trabecular bone has been recognised as a time-dependent
material, it is for the first time, the time-dependent behaviour of demineralised
trabecular bone had been evaluated. The observed creep compliances for
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demineralised trabecular bone in tension were in the range of 0.22 × 10−3 to
1.40 × 10−3 kPa−1 while the creep compliance in compression for untreated
bone was found to be in the range 1.08 × 10−3 to 4.17 × 10−3 MPa−1 (Sec.
5.2). Those observations indicate that the demineralised trabecular bone is
much more flexible than untreated bone. The decrease of modulus for bone
after demineralisation has also been reported for cortical bone (Bowman et al.,
1996; Burstein et al., 1975; Catanese III et al., 1999; Novitskaya et al., 2011)
and trabecular bone (Chen and McKittrick, 2011), but limited to monotonic
loading. There is only one study which conducted cyclic loading on deminer-
alised cortical bone, and Novitskaya et al. (2013) reported that the deminer-
alised sample has extremely low initial tangent modulus, below 5.1 MPa for its
first loading cycle, for all three different anatomic directions.
Trabecular bone has been investigated extensively for its mechanical prop-
erties; the relationships between time-independent elastic modulus and BV/TV
(or density) have been reported over last two decades (Currey, 1988). In
Chapter 5 of this study (Sec. 5.2), a strong power law relationship between
instantaneous creep compliance and BV/TV were found for untreated trabec-
ular bone. In this Chapter, a similar relationship was found, not strong but
significant, between instantaneous creep compliance (Dg) and BV/TV. Only
a weak relationship (r2 = 0.55) was observed; this possibly means that some
other mechanisms are in play for demineralised trabecular bone, possibly at
the nano-scale of organic phase of bone, which need further investigations.
Similar to untreated trabecular bone, the demineralised trabecular bone’s
time-dependent behaviour is nonlinearly related to its applied stress level and
it stiffens with increased stress levels. This elastic stiffening behaviour has
been observed from experimental observation, where the creep compliance
at the lower stress levels are above those at the higher stress levels. This
stiffening behaviour is also confirmed from the constitutive model study, the
nonlinear parameters (g0 and g1g2) decrease with increasing normalised stress
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levels. This elastic stiffening behaviour has been reported by a number of re-
searches through compressive creep-recovery experiments on untreated bone
(Kim et al., 2011) and demineralised bone (Bowman et al., 1996). The impor-
tant role of sliding or reorganisation of collagen fibrils in the mechanical be-
haviour of bone had been pointed out by a number of studies (Bowman et al.,
1998; Sasaki et al., 1993; Yamashita et al., 2001). After the mineral removal
from bone, Bowman et al. (1996) found an initial nonlinear behaviour by con-
ducting a tensile monotonic loading on demineralised cortical bone; a larger
modulus was found at a higher strain range. This stiffening behaviour had also
been observed by Schmoller et al. (2010), who conducted cyclic loading on
actin networks. The consistent observation between current study and above
cited studies all affirmed that the stiffening phenomena which is possibly due
to reorganisation of collagen fibrils. The developed nonlinear time-dependent
constitutive model can be incorporated together with properties of mineral to
generate the composite model of bone. It will help provide a better understand-
ing of this natural composite material.
The time-varying recovery compliance become constant in a short time,
which indicates that the viscoelastic strain is recovered fully within 1000 s of re-
covery time in each loading cycle. This was also observed from its constitutive
model prediction, the NVE prediction showed that the strain were recovered to
zero within the designated 1000 s recovery time. This study also shows that
there were strains at the end of each cycle which were irrecoverable.
By conducting uniaxial nano-mechanical compression on cylindrical sam-
ples, with diameters between 250 nm and 3,000 nm (nano- to micro-scale),
Tertuliano and Greer (2016) proposed that inter-fibrillar sliding through shear
of extra-fibrillar matrix was the mechanism of plasticity in bone, which is also
reported by Gupta et al. (2006, 2005). Here, in this study, at the macro-scale, it
is observed that some irrecoverable strain exists at the end of recovery. This ir-
recoverable strain could be also due to inter-fibrillar sliding at lower scale. This
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irrecoverable deformation in collagen should be emphasised, as it is generally
ignored in two-phase composite models of bone (Lubarda et al., 2012).
6.6.4 Limitations
This tensile MLCUR experiment suffers from a number of limitations, Firstly,
all the test are conducted at room temperature; creep behaviour has been re-
ported to be temperature dependent for untreated bone (Bonar and Glimcher,
1970; Bowman et al., 1998), so it is likely that the demineralised trabecular
bone’s viscoelastic behaviour is also temperature dependent. Secondly, it is
not possible in practice to perform ideal creep-recovery experiments and in the
tests conducted, the time interval to loading and unloading is finite (e.g. 1 s
to reach 1% strain with the designated strain rate 1 %/s). Small viscoelastic
deformations are likely to occur during its loading and unloading. Lastly, this
part only considered a limited number of samples, a statistical analysis that
considers the influence variables was not possible.
6.7 Conclusions
6.7.1 Fully reversed tension-compression experiment
• The developed novel experimental protocol can evaluate the mechanical
response of materials under cyclic loads of varying magnitudes ranging
from tension to compression.
• Organic phase of trabecular bone exhibits tension-compression asym-
metric and varies with load levels and porosity.
• Collagen struts stiffen in tension while they undergo stiffness reduction in
compression.
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• The organic phase exhibits inelastic buckling in compression, which is
more apparent in porous samples. This may explain, at least partially,
the reasons for non-traumatic fractures in the elderly.
• These finding will help in the development of composite models from the
mechanical response of bone’s constituents.
6.7.2 Tensile MLCUR experiment
• Organic phase of trabecular bone is much more flexible than untreated
bone, with Young’s modulus of a few MPa.
• The time-dependent behaviour of the organic phase of trabecular bone
is nonlinearly related to its applied stress level - it stiffens with increased
stress level.
• Irrecoverable strain exists even at the low stress level (corresponding to
apparent static strain 0.6 %ε).
• The nonlinear viscoelastic model give a good prediction of the time-dependent
behaviour of the organic phase.






Trabecular bone can be considered as a composite material consisting of in-
terpenetrating mineral and organic phases. In the last Chapter, mechanical
properties of demineralised trabecular bone were investigated. This Chapter
considers the mechanical properties of deproteinised trabecular bone (mineral
phase).
Although a few previous studies have attempted to understand the mono-
tonic behaviour of deproteinised bone, they have been largely limited to cor-
tical bone (Hamed et al., 2012b; Novitskaya et al., 2011) and to the author’s
knowledge there was only one study on trabecular bone (Chen and McKit-
trick, 2011). The apparent density (or BV/TV) had been successfully used as
the predictor of mechanical behaviour of untreated bone, but the relationship
between BV/TV and biomechanical properties of deproteinised bone remain
unknown. This Chapter aims to fill this gap.
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7.1 Sample preparation
Fresh proximal tibias from bovine (under 30 months old when slaughtered)
were obtained from a local abattoir and were stored at -20 °C until utilised.
The bones were allowed to thaw at room temperature before bone cores were
extracted along its principle axis, using a 10.7 mm inner diameter diamond
coring tools (Starlite, Rosement, IL, USA). A low speed rotating saw (Buehler,
Germany) was used to create parallel section and to trim growth plates if they
were present. All preparation processes, including coring and cutting, were
conducted in a water bath to avoid excessive heat generated. The cylindrical
bone samples, in total n = 9, were of mean length of 20.6 ± 0.6 mm.
Bone marrow was removed from each sample using a dental water jet (In-
terplak, Conair) with tap water at room temperature (Lievers et al., 2007). All
the samples were then centrifuged at 2000 r.p.m for 2 hours to remove any
residual marrow (Sharp et al., 1990) and the samples were wrapped in PBS-
soaked tissue paper.
7.2 µCT scanning
All the samples were scanned before any chemical treatment using micro-
computed tomography (µCT) scanner (Skyscan 1172, Bruker, Kontich, Bel-
gium) at a high voxel resolution of 17.22 µm. The following scan parameters
were used: source voltage 54 kV , current 185 µA, exposure 885 ms with a 0.5
mm aluminium filter between X-ray source and the specimen. Image quality
was improved by using two-frame averaging. The images were reconstructed
with no further reduction in resolution using nRecon (V1.6.9.4, Bruker, Kontich,
Belgium). Morphometric analysis was performed using CTan software (Bruker,
Kontich, Belgium). By considering the whole volume of each specimen, the
bone volume fraction (BV/TV) was found in the range of 15.5 - 37.6%.
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7.3 Deproteinisation
Deproteinisation was accomplished by using mild bleach, 20 ml 6% sodium
hypochlorite (NaOCl) at 37 °C water bath and the bleach solution subjected to
change daily for 2 weeks (Manilay et al., 2013). To check the efficiency of de-
proteinisation, two samples were immersed in 0.6N HCl after deproteinisation,
to remove the mineral. Visual examination found that there was no detectable
dry material remains, indicating that the deproteinisation methodology is effec-
tive and the remaining 7 samples had been fully deproteinised (Chen et al.,
2011). Figure. 7.1 shows a photography of deproteinised trabecular bone.
Figure 7.1: Photograph of deproteinised trabecular bone from bovine
proximal tibia.
7.4 Compressive monotonic testing
A preliminary creep-recovery experiment conducted on deproteinised trabec-
ular bone, there was no apparent time-dependent strain response observed
when the constant force applied. Brittle nature of deproteinised samples pre-
vented any cyclic loading experiment to be taken. Therefore, the tests con-
ducted were limited to compressive monotonic testing.
Samples were glued into end-caps by using bone cement (Simplex, Stryker,
UK) with the assistance of a custom made alignment tools to minimise the end-
artefacts during testing (Keaveny et al., 1997). Effective length (17.6± 0.6mm)
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of each specimen was calculated as the length of the sample between the end-
caps plus half the length of bone embedded within end-caps from each side
(Keaveny et al., 1997). Each specimen was placed in an epoxy tube filled
with phosphate-buffered saline (PBS), to ensure that the samples remain hy-
drated at all stages of testing. Seven DP samples were tested by compressive
monotonic loading at loading rate of 0.5 %ε/s up to 20 %ε at room tempera-
ture using Zwick material testing machine (5 kN Load Cell, Model Z005/TH2A,
Zwick Roell, Herefordshire, UK).
A number of output parameters were evaluated from the monotonic loading
curve (Fig. 7.2): elastic modulus (E), stress at failure (σf ) , corresponding
strain at failure (εf ) and toughness (W ). Modulus (E) was obtained by taking
the slope of stress-strain curve from the most linear part. Toughness (W ) was
determined by integrating the stress-strain curve, it is the energy of mechanical





where σ, ε are stress and strain.
Figure 7.2: Definition of pa-
rameters defined from mono-
tonic loading. The peak stress
is σf and εf is corresponding
strain. The enclosed area be-
fore peak point is W , and the
slope of the initial σ − ε curve is
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7.5 Results and discussion
Figure 7.3 shows cross-sectional and longitudinal images of untreated and
deproteinised bovine tibia trabecular bone sample. It is apparent that they
have similar structural morphology, and the µCT showed that there was almost
no change in BV/TV of samples before and after the deproteinisation process.
Figure 7.3: µCT image of the
trabecular bone samples before
and after deproteinisation. It
shows both top views (top images)
and side views (bottom images).
Six samples were successfully tested with monotonic experiments. The de-
proteinised trabecular bone samples were observed to be brittle, as the con-
necting and ductile collagen had been removed. One sample was damaged
while being glued into the end-caps.
7.5.1 Phenomenological aspects
Figure 7.4a shows the stress-strain curve from compressive monotonic load-
ing for all six deproteinised bovine tibia trabecular bone samples of different
BV/TV. Four different regions can be observed: an initial linear-elastic regime
that reaches a maximum stress followed by a rapid stress drop, and further
followed by a plateau of roughly constant stress over a wide range of compres-
sive strain of up to around 5%. At strains larger than 10% the stress rises due
to densification. The enlarged loading curve within 2% of strain is shown in
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Fig. 7.4b. The suddenly drop of stress from its peak point was observed for all
deproteinised samples except one (BV/TV = 24.0%).





































Figure 7.4: σ-ε curve from deproteinised trabecular bone samples when
it was subjected to compressive monotonic loading. Stress-strain curve of
deproteinised trabecular bone from bovine tibia with varying BV/TV (a); enlarged
view of strain curve shows strain up to 2 % (b).
Figure 7.4b shows no apparent nonlinear behaviour before its peak point,
although the deproteinised trabecular bone samples were loaded at such slow
strain rate (0.005 ε/s). It is important to recall that the apparent initial nonlin-
ear region could be seen from demineralised bone for both tension (Bowman
et al., 1996; Burstein et al., 1975; Catanese III et al., 1999) and compres-
sion (Chen and McKittrick, 2011; Novitskaya et al., 2011, 2013). The fully
reversed cyclic loading from tension to compression, performed in Chapter 6
also demonstrated that the biomechanics of organic phase is highly nonlinear.
In previous studies, the shape of loading curve for untreated trabecular
bone shows reduced tangent modulus with increasing strain (Hansen et al.,
2008; Keaveny et al., 1999; Kopperdahl and Keaveny, 1998; Matsuura et al.,
2008; Moore and Gibson, 2002; Rapillard et al., 2006). It is fair to infer that the
nonlinear response of bone is due to the nonlinear mechanical properties from
bone’s organic phase rather than the mineral phase.
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7.5.2 Regression analysis
The samples were extremely fragile and fractured in a brittle mode, at very low
compressive strength (<1.0 MPa) and failure strain (<0.5%) (Fig. 7.5a and
7.5b, respectively). Both σf and εf were found to be reasonably related with its
BV/TV with a power law relationship (r2 >0.65).



















Y = 3.36e-04 X2.31, r2 = 0.76
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Y = 9.00e-04 X1.80, r2 = 0.65
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Y = 1.67e+01 X0.83, r2 = 0.15
(c)













Y = 6.58e-07 X3.66, r2 = 0.91
(d)
Figure 7.5: Regression analysis of some parameters from monotonic load-
ing with changing BV/TV. Failure stress (a); failure strain (b); modulus (c) and
toughness (d) plotted against BV/TV, and also their proposed power law fitting.
Chen and McKittrick (2011) reported that the deproteinised trabecular bone
from bovine femur had strength of 0.48 (± 0.36) MPa, while this study found
the strength to be 0.65 (± 0.24) MPa for deproteinised trabecular bone from
tibia (the density of samples for above cited study and current study are taken
before deproteinisation). It is worth noting that in Chen and McKittrick (2011)’s
study, the reported apparent density was 0.23 g/cm3, while the sample used in
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this study had an average density of 0.60 g/cm3, this might explain the larger
strength or σf was found in this study. The εf was found in the range of 0.18
- 0.47% with mean value of 0.33% (± 0.10%) and it increased with increasing
BV/TV. Chen and McKittrick (2011) reported εf < 1%.
The elastic modulus (E) is another important parameter to characterise the
biomechanical properties of bone. Here, E was found between 123.74 - 323.68
MPa with a mean of 251.71 (± 74.72) MPa while Chen and McKittrick (2011)
reported a much smaller mean value of 43 MPa. Once again, part of this
difference can be attributed to the difference in density of samples. While this
study found E to increase with BV/TV, but the correlation was weak, with r2 =
0.15.
Toughness (W ) can be obtained by integrating the stress-strain curve until
fracture and it was found to be related to BV/TV with r2 = 0.91 and a posi-
tive power term. The results indicates that with increased BV/TV, as would
be expected, W is increasing. It also reveals that the denser deproteinised
trabecular bone has greater ability to absorb energy.
7.5.3 Cellular solids
The elastic modulus (E) (<350 MPa) and stress at failure (σf ) (<1.0 MPa)
are far lower compared to the solid phase of mineral which are 112 GPa and
800 MPa (Chen and McKittrick, 2011), respectively, this is due to its porous
microstructure. The mechanical properties of trabecular bone can be modelled
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where, superscript ‘∗’ and subscript ‘s’ represent the cellular and solid ma-
terial, respectively. Solid phase elastic modulus (Es), compressive strength
(σs) and density (ρs) were assumed to be 112 GPa, 800 MPa and 3.15 g/cm3,
respectively (Chen and McKittrick, 2011).
Figure 7.6a and 7.6b show the relative elastic modulus (E∗/Es) and relative
compressive strength (σ∗/σs) as a function of relative density (ρ∗/ρs) plotted on
a logarithmic scale. As one would expect from cellular materials, both E∗/Es
and σ∗/σs increase with increasing ρ∗/ρs.
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Figure 7.6: Deproteinised trabecular bone sample modelled as cellular
solids. Relative elastic modulus (a) and relative compressive strength (b) of
deproteinised bovine tibia trabecular bone plotted against relative apparent den-
sity.
For E∗/Es, the reported data on DP trabecular bone was found to fall be-
tween line of slope n = 3 and n = 4; while published study (Chen and McKittrick,
2011) reported that the data falls around the line of slop n=3 for deproteinised
femur and between n = 2 and 3 for antler. The E is related to its density or
BV/TV, and it also dependent on anatomic site (Morgan et al., 2003). There-
fore, it is reasonable that these experimental data points fall at different location
as they had different densities and were from different anatomic sites.
For σ∗/σs, the reported data was found to fall between line with slope m =
4 and m = 5, as shown in Fig. 7.6b; while Chen and McKittrick (2011) reported
that it fall between m = 2 and 3 for both deproteinised femur trabecular bone
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and deproteinised antler. This could also be due to these samples having
different densities and from a different anatomic site compared to the published
data.
7.6 Limitations
There were only a few trabecular bone samples from one anatomic site (i.e.
bovine tibia), which were successfully tested under compressive monotonic
loading until failure. More samples included in the analysis may give a better
correlation.
7.7 Conclusions
• Deproteinised trabecular bone samples show a linear elastic behaviour
up to its peak point, and a brittle behaviour with fracture strain of less
than 1%.
• Mean modulus of 251.71 MPa was found, which is smaller than most
reported values for untreated trabecular bone and it is associated with its
BV/TV.
• Deproteinised bone has much smaller strength compared with untreated
bone and it was found to be strongly related to its BV/TV.
• Toughness of deproteinised bone is strongly related to its BV/TV; denser
bone has better ability to absorb energy compared to porous bone.
• The compressive mechanical properties of demineralised samples can
be modelled as open-cell cellular solids; both relative elastic modulus
and compressive strength increase with relative density.
Part II




“When you look at yourself from a universal
standpoint, something inside always reminds or
informs you that there are bigger and better
things to worry about.”
Albert Einstein
8
Linear viscoelastic analysis of a
bone-screw system
One of the typical complications reported in the treatment of fractures using
devices such as locking plates or unilateral fixators is loosening (Galbusera
et al., 2015). Primary stability, before initiation of biological processes, is be-
lieved to be essential for the success of treatment (Taylor and Prendergast,
2015). It has been suggested that high strains in the bone at the bone-screw
interface can initiate loosening (Sakaguchi and Borgersen, 1993) which can
result in infection and further loosening (Clifford et al., 1987; Donaldson et al.,
2012; Huiskes et al., 1985).
Trabecular bone is a time-dependent material as shown in previous Chap-
ter. The displacement (or strain) response of bone is a function of cycles
(i.e. bones cyclic loading history) (Bowman et al., 1998; Haddock et al., 2004;
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Moore et al., 2004) and the loading frequency (Lafferty and Raju, 1979). Pre-
vious studies have considered the effect of: damage due to screw insertion
(Steiner et al., 2016); screw threads (MacLeod et al., 2012; Steiner et al.,
2017); screw tightening (MacLeod and Pankaj, 2014); insertion of a larger di-
ameter screw in a small pilot hole (MacLeod et al., 2012); combined shear and
pull-in/push-out forces (Donaldson et al., 2012); nonlinear material properties
(Donaldson et al., 2012); and trabecular bone microarchitecture at the inter-
face (Steiner et al., 2015). However, the effects of time-dependent behaviour
on bone-screw interface mechanics at different loading frequencies has not
been previously considered.
This chapter uses the bone volume ratio (BV/TV)-based linear viscoelastic
constitutive model (Chapter 5) to evaluate the mechanical environment at the
interface. The aim of this chapter is to evaluate effect of BV/TV, cyclic loading
frequency and number of cycles on the interfacial deformations in an idealised
bone-screw system.
8.1 Bone-screw system geometry
An idealised system, two-dimensional plane strain, construct with a screw and
surrounding bone as shown in Fig. 8.1a was employed. It is clear that this
is a simplification of reality as the screw is cylindrical whereas a plane strain
representation implies a plate. However, since the plane-strain assumption
provides confinement in the out-of-plane direction, it is expected to provide
representative results in the plane of the model.
Exact fit between the screw and the bone was assumed along the length
of the screw while a small gap was included between the screw end and the
bone to avoid influence of any end shape effects and maintain simplicity. Screw
threads were excluded. The screw was assumed to be unicortical and a 1 mm
thick cortex was included in the model as shown in Fig. 8.1a.
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The geometry was meshed using 4930 6-noded modified plain strain ele-
ments (CPE6M) in Abaqus 6.12 (Simulia, Providence, RI, USA). Mesh con-
vergence studies were performed and they show that further mesh refinement
resulted in an increase of maximum displacement of bone by less than 0.3%.
Figure 8.1: Schematic drawing of a bone-screw system and the load ap-
plication. Idealised plain strain bone-screw system (a); cyclic loading for 2000
cycles (b); load applied at 7 different frequencies, Hz (c).
8.2 Material definition
The screw and cortical bone were assumed to be homogeneous, isotropic and
time-independent materials, with Youngs modulus of 180 GPa and 20.7 GPa,
respectively (MacLeod et al., 2012). BV/TV-based viscoelastic material prop-
erties were employed to define the time-dependent properties of trabecular
bone in which the relaxation modulus function, E(t) (developed in Sec. 5.2) is
given by




where φ is the BV/TV of trabecular bone, t is the time and B, ρ, ρt, Ẽi and ρ̃i
are constant material coefficients. Consequently, φ is the only variable in the
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evaluation of relaxation modulus function. Three BV/TV values were selected:
15%, 25% and 35%. Poisson’s ratio of ν=0.3 was applied to all the materials.
8.3 Loads and boundary conditions
A standard Coulomb friction coefficient of 0.3 was employed based on some
of the recent studies (MacLeod et al., 2012, 2015), with surface-to-surface
frictional contact assumed at the bone-screw interface. Translation degree of
freedoms at all edges of bone section were constrained except at the edge
with screw hole, as shown in Fig. 8.1a.
A 300 N concentrated triangular cyclic loading (Fig. 8.1b) was applied at
the right end of the screw over a thickness of 3.25 mm (half diameter of screw)
(Fig. 8.1a) with designated loading frequencies for 2000 cycles. One complete
cycle includes a ramp loading and unloading. Seven loading frequencies, f ,
from 0.1 Hz to 10 Hz were investigated (Fig. 8.1c), which cover the physiolog-
ical frequency range of normal human activities from slow walking to running
(Abdel-Wahab et al., 2011).
8.4 Results
The displacements in trabecular bone were computed for 21 models: 3 BV/TV
material models at 7 different loading frequencies. The displacement contours
for BV/TV = 15%, at time points when the load is at its peak (loaded phase) and
when the screw is completely unloaded (unloaded phase) are shown in Fig.
8.2 and 8.3, respectively for 8 selected cycles (cycle 1, 5, 10, 100, 500, 1000,
1500 and 2000 denoted as C1, C5, C10, C100, C500, C1000, C1500 and
C2000, respectively). Similar contour plots for the other two BV/TV values are
provided in Appendix (Fig. A.1 and A.2). For the above loading cycle numbers,
the maximum displacements within trabecular bone were extracted and plotted
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Figure 8.2: Displacement contours (µm) against loading frequencies at 8
selected cycles at the loaded phase for BV/TV = 15%. These displacement
contours were superimposed over undeformed geometry and exaggerated by
50 times for better visualisation.
Figure 8.3: Displacement contours (µm) against loading frequencies at
8 selected cycles at the unloaded phase for BV/TV = 15%. These displace-
ment contours were superimposed over undeformed geometry and exaggerated
by 50 times for better visualisation.
against loading frequencies for all three BV/TV samples investigated in this
chapter, these are shown in Fig. 8.4.
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8.4.1 Loaded phase
The displacement contours at the loaded phase for BV/TV = 15% are shown in
Fig. 8.2. These show similar displacement distributions at all frequencies con-
sidered. When the system has been subjected to a small number of loading
cycles, a relatively larger displacement is observed for lower loading frequen-
cies (e.g. at C1, f=0.1 Hz had relatively larger displacement compared to f =
10, as shown in Fig. 8.2). Small increase in displacement can be observed
with increasing cycle numbers for each of the loading frequencies (e.g. for
f=0.1 Hz , C2000 had relatively larger displacement compared to C1). With
increasing loading cycles, relatively larger displacement was observed when
bone-screw system was loaded at higher loading frequencies (e.g. at C2000,
f=10 Hz case has relatively larger displacement compared to f=0.1 Hz case).
Maximum displacement of trabecular bone in the loaded phase, for all
BV/TV values considered, was plotted against loading frequencies at selected
cycles, and are shown in Fig. 8.4a, 8.4c and 8.4e. Observations from contour
plots are confirmed from these maximum displacements plots. It is apparent
that at C1 for BV/TV = 15% (Fig. 8.4a), f=0.1 Hz has the largest displacement
compared to other loading frequencies. These plots also show that the max-
imum displacement reduces with increase in frequency in the initial loading
cycles (e.g. Cycle 1 response in Fig. 8.4a reduces with frequency). However,
higher maximum displacement is observed at higher loading frequencies after
a number of loading cycles (e.g. >500 cycles). Rapid increase in displace-
ment with increased cycle numbers was observed for higher loading frequency
cases. At the end of C2000, the maximum displacement for f=10 Hz is much
higher than maximum displacement observed in f=0.1 Hz case.
These observations were also found to be true for the other two samples
(BV/TV = 25% and 35% considered in this investigation, and the results are
shown in 8.4c and 8.4e for BV/TV = 25% and 35%. Additionally, if the bone-
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screw system is loaded at the same frequency for the same number of cycles,
then, as expected, higher maximum displacement is obtained with lower BV/TV































































































































































Figure 8.4: Maximum displacement of trabecular bone plotted against
loading frequencies at 8 selected cycles: at the loaded ((a,c and e) and
unloaded (b,d and f) phases for BV/TV = 15%, 25% and 35%.
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8.4.2 Unloaded phase
As would be expected, majority of the displacements recover immediately upon
unloading as shown in Fig. 8.3 (note that different scales are used in the
contours for loaded and unloaded phases). There was negligible displacement
remaining at the end of C1, especially for higher loading frequencies (e.g. f=10
Hz ); while some displacement remained at C1 for lower frequencies (e.g.
f=0.1 Hz ). The displacement upon unloading accumulated significantly with
increasing cycle numbers, which was true for all the loading frequencies. At
C2000, the largest displacement was observed at higher loading frequencies
(e.g. f=10 Hz ), and it had the larger region with deformations in comparison
to lower loading frequencies as shown in Fig. 8.3.
The maximum displacements of trabecular bone at the unloaded phase
plotted against loading frequencies at 8 representative cycles, are shown in
Fig. 8.4b, 8.4d and 8.4f for BV/TV = 15%, 25% and 35%, respectively. It is
clear that the loading frequencies significantly affect the maximum displace-
ment experienced by trabecular bone. For BV/TV = 15%, at lower cycles (i.e.
below around C500), the maximum displacement was observed at low loading
frequencies (Fig. 3). With further increase in cycle numbers, rapid increasing
in maximum displacement with increased cycle numbers can be observed for
higher loading frequencies. In other words, the displacement that remained
at unloaded time points accumulated much faster at high loading frequencies,
and this was found to be true for all the BV/TV samples examined in this simu-
lation (Fig. 8.4b, 8.4d and 8.4f). At C2000, f=10 Hz had the largest maximum
displacement and it was more than four times of maximum displacement ob-
served for f=0.1 Hz (Fig. 8.3).
Displacement was related to BV/TV of bone; for trabecular bone with higher
BV/TV lower displacement was observed, i.e. for the bone-screw system
loaded at the same frequency for the same number of cycles, a much smaller
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maximum displacement was observed when trabecular bone has higher BV/TV
(Fig. 8.4b, 8.4d and 8.4f).
8.5 Discussion
This chapter shows that the displacements in trabecular bone due to cyclic
loading applied to the screw in a bone-screw system are a function of load-
ing cycles and loading frequencies. At the beginning of cyclic loading, lower
loading frequencies result in higher displacement in trabecular bone for both
loaded and unloaded phases; while with increased cycle numbers, higher dis-
placements are observed at higher loading frequencies. In all cases displace-
ments increase as BV/TV decreases. It is reasonable to assume that there are
two linked mechanisms at play: effect of time-dependent material response
and dynamic effect due to frequency of loading.
In the initial cycles higher frequency resulted in lower displacement re-
sponse for both loaded and unloaded phases. This shows that the viscoelastic
model used is able to capture the phenomenon observed in previous studies:
higher strain rates result in higher effective stiffness (Hansen et al., 2008; Linde
et al., 1991; Schaffler et al., 1989; Wallace et al., 2013). In the first few cycles,
the lower loading frequency has a relatively longer loading time and relatively
smaller loading rate. Therefore, larger displacement occurs when bone-screw
system is loaded at a lower frequency during the loading and unloading phases
as the bone is provided more time to deform or recover.
For a time-dependent material, the displacement increases with time when
it is subjected to a constant force and recovery occurs upon force removal and
again takes time. During cyclic loading, bone would only partially recover be-
fore it is subjected to the next cycle of loading. Consequently, the displacement
accumulates with increasing number of cycles for all BV/TV samples and for all
loading frequencies. This observation is consistent with previous experimental
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studies (Basler et al., 2013; Bianco et al., 2016; Schüller et al., 2009), in which
the displacement of bone in a bone-screw/implant system was found to be a
function of number of loading cycles.
With increasing cycle numbers, the loading frequency starts playing a dom-
inant role. When the bone-screw system is loaded at higher frequencies, the
loading/unloading time is shorter (in comparison to lower frequency loading)
and the bone is loaded again by the next cycle before it can recover from
its last loading cycle. Therefore, the shift between the excitation force and
displacement response occurs, which depends on the frequency of excitation.
Recently, Sadeghi et al. (2017) suggested that to date, there is little data on the
variation of mechanical properties of bone with increasing loading frequency.
Lafferty and Raju (1979) reported that for the cortical bone, with increased
loading frequencies (from 30 to 125 Hz), the number of cycles required to pro-
duce fracture decreases. Another indirect evidence is provided by Burr et al.
(1996), who measured in vivo strains in the human tibia during walking and run-
ning, and reported that the strain experienced by bone was higher for running
than walking, some of it is perhaps due to larger forces exerted during running.
The viscoelastic model developed from experiments on trabecular bone and
employed here for a bone-screw system is consistent with observations from
previous studies. The effect of BV/TV is as expected with lower BV/TV giving
higher deformations for all cycles and loading frequencies.
The aim of the current chapter was to develop trends how BV/TV ef-
fects accumulation of deformations under cyclic loads and what is the role of
the loading frequency; these trends can only be evaluated by including time-
dependent material models. To maintain focus and transparency of the sim-
ulations, the effect of damage due to screw insertion (Steiner et al., 2016),
screw threads (MacLeod et al., 2012; Steiner et al., 2017), screw tightening
(MacLeod and Pankaj, 2014) and local micro architecture (Steiner et al., 2015)
was excluded. Screws experience combined shear, bending and axial forces
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(Donaldson et al., 2012) − these too were not considered. All these phenom-
ena will influence the mechanical environment at the interface, however their
inclusion is unlikely to change the trends observed in this chapter.
The importance of viscoelastic behaviour of bone has been discussed in
several contexts from material performance to links with microphysical pro-
cesses (Lakes, 2001). In this chapter the context is implant loosening. The
model provides a simple approach for inclusion of time-dependent behaviour
in computational models. It can be used to evaluate implant performance and
for providing post-operational rehabilitation advice to patients.
8.6 Limitations
This simulation has a few limitations. The experimental results used are from
bovine trabecular bone, so they are not directly applicable to human bone. An
idealised plane strain model was used which implies that the screw is essen-
tially a plate inserted in a long block of bone. These simplifications are unlikely
to change the trends with respect to loading frequencies and influence of num-
ber of cycles. The displacement response of bone follows a trend with respect
to BV/TV; however, bone microstructure may have a role to play in addition
to that of BV/TV as has been shown for time-independent properties (Steiner
et al., 2015; Zysset, 2003).
8.7 Conclusions
• The importance of viscoelastic behaviour of bone has several contexts,
this Chapter the context is implant loosening.
• The bone-screw interface mechanics are related to both BV/TV and load-
ing frequencies.
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• At initial cycle(s), lower loading frequencies result higher displacements
for both loading and unloading phases.
• With increasing cycle numbers (e.g. >500), higher loading frequencies
result higher displacement.
• The model provides a simple approach for inclusion of time-dependent
behaviour in computational models, it can be used to evaluate implant
performance and for providing post-operational rehabilitation advice to
patients.
“Not everything that counts can be counted, and
not everything that can be counted counts.”
Albert Einstein
9
Nonlinear time-dependent analysis of
bone-screw system
In computational modelling loosening at the interface has, in the past, been
examined by evaluating strain level after employing time-independent elastic
(MacLeod et al., 2016) or elastoplastic (Bianco et al., 2014; Donaldson et al.,
2012) constitutive models for bone. While it is recognised that bone’s response
to loads is time-dependent (Bowman et al., 1994) and some permanent defor-
mation arises even when bone is subjected to low strain levels (< 3000 µε)
(Kim et al., 2011; Yamamoto et al., 2006). It has also been shown that, sim-
ilar to time-independent material properties such as Young’s modulus, time-
dependent properties are also related to bone volume fraction (BV/TV) (Chap-
ter 4 and 5). However, these time-dependent mechanical properties of bone
are not generally incorporated in modelling (Pankaj, 2013).
154 Chapter 9. Nonlinear time-dependent analysis of bone-screw system
The aim of this Chapter is to examine possible loosening due to cyclic load-
ing in an idealised bone-screw system in which trabecular bone is assigned
time-dependent (nonlinear viscoelastic and nonlinear viscoelastic-viscoplastic
properties). The employed properties are based on the developed constitutive
models in Chapter 5.
9.1 Bone-screw system geometry
To examine the response of bone at the bone-screw interface due to cyclic
loading in conjunction with time dependent properties of trabecular bone, a
simple geometrical model with a screw inserted in a block of bone was con-
sidered as shown in Fig. 9.1a, which also provides the dimensions. The di-
mensions for the screw are similar to that used in locking plates. Taking ad-
vantage of symmetry, only half of the bone block-screw system was modelled
(Fig. 9.1b). Exact fit between the screw and the bone was considered at the
screw circumference-bone interface; while a small gap was assumed between
the screw end and bone to avoid influence of any end shape effects and main-
tain simplicity. Screw threads were excluded. The screw was assumed to be
unicortical and a 1mm thick cortex was included in the model as shown in Fig.
9.1a.
The screw-bone system was modelled in Abaqus using 13182 three dimen-
sion finite elements (brick, C3D8 and tetrahedron, C3D10M). Mesh conver-
gence studies were performed and they showed that further mesh refinement
resulted in change of peak displacement of bone by less than 0.5%.
9.2 Material definition
The screw and the cortical bone were modelled as linear elastic time-independent
materials, with Young’s moduli of 180GPa and 20.7GPa, respectively (MacLeod
9.3. Loads and boundary conditions 155
Figure 9.1: Schematic drawing of 3D bone-screw system. Symmetric sur-
face (a); section A-A (b).
et al., 2012) and Poisson’s ratio of 0.3.
Trabecular bone was modelled using two constitutive models: a nonlin-
ear viscoelastic (VE) model; and a nonlinear viscoelastic-viscoplastic (VEP)
model, which were developed in Chapter 5. For convenience, the evaluated
nonlinear viscoelastic and viscoplastic parameters are shown in Table 9.1 and
9.2, respectively. These parameters were used as input to the user defined ma-
terial (UMAT) for trabecular bone samples, which was implemented in Abaqus
6.12 (Simulia, Providence, RI, USA).
9.3 Loads and boundary conditions
All external faces of the block were assumed to be fully restrained except for
the face with the screw hole and symmetry boundary conditions were applied
at the symmetry surface (Fig. 9.1a, b). A frictional screw-bone interface was
employed with a standard Coulomb friction coefficient of 0.3 (MacLeod et al.,
2012, 2015). Triangular cyclic forces with an amplitude of 300 N and a fre-
quency, f=1 Hz, as shown in Fig. 9.1c was applied to the external end of the
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Table 9.1: The nonlinear viscoelastic parameters along with linear Prony
coefficients and irrecoverable strains at multiple stress levels for three
different BV/TV (Manda et al. 2016a)
BV/TV Linear coefficients at Cycle I Cycle No. εstatic(%) σN Nonlinear VE parameters εirrec(%)





















I 0.20 0.36 1.00 1.00 1.00 1.00 0.041
II 0.40 0.66 0.91 1.06 0.59 0.78 0.067
III 0.60 0.94 0.94 1.03 0.67 0.82 0.104
IV 0.80 1.17 0.99 1.01 0.82 0.85 0.158





















I 0.20 0.64 1.00 1.00 1.00 1.00 0.032
II 0.40 1.20 0.90 1.02 0.82 0.79 0.049
III 0.60 1.77 0.91 1.05 0.96 0.75 0.084
IV 0.80 2.23 0.98 1.04 1.19 0.74 0.140





















I 0.20 1.31 1.00 1.00 1.00 1.00 0.039
II 0.40 2.69 0.84 1.14 0.71 0.67 0.057
III 0.60 4.09 0.84 1.08 0.60 0.78 0.072
IV 0.80 5.59 0.82 1.00 0.57 0.87 0.075
V 1.00 7.50 0.78 1.00 0.37 0.93 0.109
V I 1.50 13.01 0.70 1.02 0.66 0.80 0.214
BV/TV is the bone volume fraction, Dg is the instantaneous compliance in 1/MPa, Dn (n = 1, 2, 3) are transient
compliance coefficients in 1/MPa, and λn (n = 1, 2, 3) are reciprocal of nth retardation time in Prony series in s−1,
εstatic is the applied static strain in each loading cycle, σN is the stress corresponding to plateau stress in the Nth
loading cycle in MPa. Parameters g0, g1, g2, aσ are stress-dependent nonlinear VE parameters and εirrec is the
irrecoverable strain exist at the end of each loading cycle.
Table 9.2: The values of the viscoplastic parameters for three different
BV/TV
BV/TV α β N Γ (s−1) κ0 (MPa) κ1 (MPa) κ2 σ0y (MPa)
15% 1.035 0 3 4.34 ×10−2 2.42 ×10−3 2.11 4.62 ×102 3.38
25% 1.035 0 3 4.91 ×10−3 1.35 ×10−10 4.11 3.50 ×102 5.75
35% 1.035 0 3 5.35 ×10−2 4.03 ×10−1 10.40 5.00 ×102 26.70
BV/TV is the bone volume fraction, α is a pressure-sensitivity parameters related to friction
angle, β is a parameter related to dilation angle, σ0y andN are material constant, Γ is a viscosity
parameter, κ0 is the initial yield stress, κ1 is the saturated stress for the fully-hardened material,
κ2 is the the transition rate between κ0 and κ0 + κ1.
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Figure 9.2: Load application. Each model was subjected to 500 triangular
cyclic load up to 300 N, and followed by 1000 s of recovery.
screw (Fig. 9.1a). The models were permitted 1000 s of recovery time af-
ter 500 complete cycles as shown in Fig. 9.2. 500 cycles were selected as
this study was largely interested in evaluating the trends, though this choice
was also partly dictated by the computational resources required for this highly
nonlinear problem.
9.4 Results
Trabecular bone displacements and strains in the region around the screw
were compared at three stages for different cycles: time points when the load
is at its peak (300N); time points when the load is zero; and at the end of
the recovery (at the end of 1000 s after cyclic loading is stopped). In Fig.
9.3, the rows present displacement contours at different stages and at differ-
ent cycles. The columns are for different bone samples (the numerals indi-
cate BV/TV percentage of the samples used) and for the two time-dependent
material models used (VE=nonlinear viscoelastic; VEP=nonlinear viscoelastic-
viscoplastic). For each case, contours along the length of the screw (Fig. 9.1a)
and at the symmetry surface, section A-A (Fig. 9.1b) are shown in Fig. 9.2.
They were exaggerated by 150 times, and the section plots are superimposed
with undeformed geometry for better comparison with its original shape. Seven
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representative cycles (cycle 1, 5, 10, 50, 100, 300 and 500) were selected for
examining displacement variation.
In all cases, the peak trabecular bone displacements occurred at the inter-
face in the middle region of the screw hole at the top, and entrance of screw
hole at the bottom for all three stages. The peak displacements of trabecular
bone at section A-A at selected cycles for all 6 models were extracted and are
shown in Fig. 9.3.
The maximum and minimum principal strain contours are shown in Fig. 9.5
for VEP models at 7 representative cycles. Additional information on contact
opening contours are shown in Appendix (Fig. B.1).
9.4.1 Peak loading time points
At the peak loading points, the difference in displacements between the sam-
ples with different BV/TV is apparent. It is clear that the lower BV/TV samples
undergo larger interfacial displacements than higher BV/TV samples. This is
apparent from the displacement contours (Fig. 9.3a), peak displacements (Fig.
9.4a) and principal strain contours (Fig 9.5a , 9.5b).
At peak loading time points, similar displacement contours were observed
for models which included viscoplasticity (VEP) and those that were modelled
using nonlinear viscoelasticity alone (VE). Small differences were, however,
observed after the samples had experienced relatively larger number of cycles
and for trabecular bone with low BV/TV (e.g. 15VEP had slightly higher dis-
placement compared to the 15VE case). These differences between VE and
VEP models were negligible at the highest BV/TV considered in the study (e.g.
between 35VE and 35VEP). As expected, Fig. 9.4a shows that the maximum
displacement experienced by trabecular bone increases with the number of cy-
cles, however this increase was found to be small; the largest increase for the





Figure 9.3: Displacement (µm) contours at symmetry surface and section
A-A for 7 representative cycles: at the time points when load at its peak
(300N) (a); at the time points when load is zero (b) and recovery after 1000
s (c). They are exaggerated by 150 times, and the section plots are superim-
posed with undeformed geometry for better comparison with its original shape.
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Figure 9.4: Peak displacement experienced of trabecular bone at section
A-A for both VE and VEP models: at the time points when load is at its peak
(300N) (a); at the time points when load is zero and after 1000 s recovery (b).
with viscoplasticity produced larger maximum displacements.
By examining the maximum (Fig 9.5a) and minimum (Fig 9.5c) principal
strain contours, it can be seen that the strain experienced by trabecular bone
increases with the number of cycles. It is worthy noting, that in the current
study the magnitude of strains in bone during loading phase were generally
below 0.5% and 0.7% for tension and compression, respectively, which are the
typically reported yielding strains in literature (Bayraktar and Keaveny, 2004;
Levrero-Florencio et al., 2016; Morgan and Keaveny, 2001). Another apparent
observation is that the trabecular bone experiences higher strain in compres-
sion than in tension (Fig. 9.5a , 9.5b). Similar to observation from displace-
ments, strain magnitude increases with decrease in BV/TV of trabecular bone.
9.4.2 Zero loading time points
In the initial cycles, most of the deformation is recovered upon unloading (Fig.
9.3b), however, as the number of cycles increase, deformations accumulate
with increasing number of cycles at zero load time points. This indicates devel-
opment of a gap between the screw and the bone. This is also demonstrated





Figure 9.5: Maximum principal strain (a, c, e) and minimum principal strain
(b, d, f) contours at symmetry surface and section A-A for 7 representative
cycles: at the time points when load at its peak (300N) (a, b); at the time points
when load is zero (c, d) and recovery after 1000 s (e, f). strain is expressed as
percentage.
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the VEP models have much larger peak deformation upon unloading com-
pared to VE models, especially for lower BV/TV samples (Fig. 9.4b). Similar to
the loading phase, the displacements of trabecular bone at zero loading time
points were related to trabecular bone’s BV/TV, the deformations were found
to increase with decrease in BV/TV. The largest increase for the lowest BV/TV
sample with VEP model (15VEP) was more than 700% from cycle 1 to 500.
It is important to note that at zero load time points, there are residual bone
displacements not only when using viscoplastic models but also when employ-
ing viscoelastic models; displacements cannot be obtained if time-independent
elastic material properties are used which require that the deformation to re-
cover instantaneous upon unloading.
Figure 9.5c and 9.5d show the maximum and minimum principal strain upon
unloading with increased cycle number for VEP models. The majority of strain
is recovered upon unloading (note the difference in scale of the contour plots
for peak loading time points and zero loading time points), but residual strains
accumulate with cycle numbers and these residual strains are associated with
bone’s BV/TV. This study also found that the accumulation of principal strains,
both maximum and minimum, is more rapid for bone with lower BV/TV.
9.4.3 Recovery
All the six models investigated in this study were allowed to recover for 1000
s under zero force condition after 500 cycles of loading. As expected, the
VE models show almost complete recovery of displacement, whereas there is
residual displacement with VEP models (Fig. 9.3c). These irrecoverable defor-
mations were found to be related to BV/TV (Fig. 9.3c); irrecoverable deforma-
tions increased with decreasing BV/TV. The highest irrecoverable deformation
was found for the bone with lower BV/TV and irrecoverable deformation was
found to be negligible for bone with the highest BV/TV considered (Fig. 9.4b).
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This is also apparent from principal strain contours in Fig 9.5e and 9.5f.
Sample with lower BV/TV experiences the relatively higher irrecoverable mini-
mum and maximum principal strain. This observation shows that the viscoplas-
ticity plays an important role.
9.5 Discussion
This study employed nonlinear viscoelastic and nonlinear viscoelastic-viscoplastic
models for trabecular bone in a bone-screw system in which cyclic loading
was applied to the screw. Three trabecular bone samples with different BV/TV
were selected and their time dependent properties based on tests conducted
therein were employed. The study finds that, in a bone-screw system sub-
jected to cyclic loading, inclusion of time-dependent properties for trabecular
bone causes separation between the screw and the bone which increases with
the increase in cycle number. Incorporation of viscoplasticity results in larger
deformation, some of which is irrecoverable. Interfacial deformation was found
to follow a trend based on BV/TV with porous bone experiencing larger defor-
mations (or separation between the screw and the bone).
9.5.1 Cycle dependent deformation
Numerical simulation of loosening due to mechanical forces in a bone-screw
system subjected to cyclic loading has not been possible previously, as time-
dependent material constitutive model of bone has not been included before.
The MLCUR experiment (Chapter 4) followed by development of time-dependent
constitutive models (Chapter 5) for trabecular bone has permitted their use in
this clinically relevant study. A number of previous studies, both clinical (Born
et al., 2011) and experimental (Basler et al., 2013), have reported that the mi-
gration of implant or loosening of screw is a function of time or cycle numbers.
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Taylor and Tanner (1997) suggested that the migration of implant is a mechan-
ical phenomenon or at least mechanically triggered, rather than a biological
process. As demonstrated by previous in vitro studies simulations undertaken
here show that deformation is a function of cycle numbers for both loading and
unloading phases. Inclusion of time-dependent properties implies that defor-
mation accumulates with increased cycle numbers, in contrast to conventional
time-independent FE analyses, in which the deformation or strain remains un-
changed with increasing number of cycles.
Inclusion of time dependent properties implies that upon unloading although
significant proportion of deformation is recovered, residual deformations do
exit. So while the screw returns to its undeformed and unstrained configura-
tion, the bone’s deformation recovery lags behind and this lag increases with
each loading cycle. As would be expected, inclusion of viscoplasticity results
in the unloaded deformations being larger due to a proportion being irrecov-
erable. The latter is apparent when deformations following 1000 s of recovery
are compared in which the deformations with the nonlinear viscoelastic model
recover almost entirely.
During the loading phase the deformations in the bone are forced to fol-
low those of the screw. Consequently, bone deformations only show a small
increase with increasing number of cycles as the time lag between the bone
response and the instantaneous screw response increases. At the peak load-
ing time point in the first cycle there is no difference between deformations
from VE and VEP models (Fig. 9.4), however, with increasing number of cy-
cles the differences start emerging. Thus, the study shows that the inclusion
of viscoplasticity not only produces larger deformations in the unloaded phase
but also at the peak loading time points.
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9.5.2 Bone volume fraction
The strong positive relationship between trabecular bone’s BV/TV and its time-
independent properties has been previously reported (Levrero-Florencio et al.,
2016; Zysset, 2003). In general, bone with higher BV/TV has a larger stiff-
ness and yields at larger loads, though it is recognised that the bone’s micro-
structure also has an important role. In other words, the denser trabecular
bone has a better ability to resist the applied forces and undergoes lower de-
formations. This trend was consistently observed with the three samples con-
sidered in this Chapter. The deformations at different stages followed a clear
trend based on trabecular bone’s BV/TV; porous bone (lower BV/TV) experi-
ences higher deformation in comparison to less porous bone. This is true for
loading and unloading time points and even for recovery modelled using vis-
coplasticity. It has also been reported in a number of studies that the bone
with low-density (e.g. due to osteoporosis) is at higher risk of implant insta-
bility; these studies include in vitro experiments (Basler et al., 2013; Johnston
et al., 2006; Zhu et al., 2000), FE simulations (Donaldson et al., 2011; Wirth
et al., 2012) and clinical findings Galbusera et al. (2015). Basler et al. (2013)
found that the displacement was strongly correlated to initial BV/TV (r2= 0.95)
which implies that it is also related to implant migration (Basler et al., 2013).
Consistent results are observed in the current study; a low BV/TV bone not
only experiences higher interfacial deformation (i.e. is at higher risk of screw
instability) in comparison to denser bone, but also the deformation increases
more rapidly with increasing cycle number.
9.5.3 Displacement magnitude
This Chapter considers primary stability soon after the operation and before
any biologically driven bone remodelling has occurred in a manner similar to
several previous computational (Bianco et al., 2014; MacLeod et al., 2016)
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and in vitro (Basler et al., 2013; Bianco et al., 2016) studies. Primary stability
relies on interlocking and frictional bone-screw contact phenomena. The cycle-
dependent deformation results in the screw hole becoming enlarged and that
will cause the frictional resistance at the bone-screw interface to reduce with
increasing loading cycles. Donaldson et al. (2012) reported that in unilateral
external fixators there exist push-in and pull-out forces that accompany axial
loading. These push-in and pull-out forces in conjunction with increasing screw
hole diameter and decreasing frictional resistance can result in increased risk
of loosening particularly in low BV/TV bone.
It has been suggested that bone ingrowth/ongrowth occurs if the micromo-
tions are less than 40-50 µε (Taylor and Prendergast, 2015). If physiological
loads give rise to bone-implant relative micro-movements of the order of 100 -
200 µε then they inhibit bone in-growth, resulting in the formation of a fibrous
tissue layer around the prosthesis (Pilliar et al., 1986), and eventual loosening
of the implant (Viceconti et al., 2000). Some previous experiments conclude
that the threshold value of micromotion for osseointegration is between 30 and
150 µε (Kadir, 2013). Although this study considers an idealised system, with a
screw inserted in a block of bone, it is tempting to examine quantitative values
of the interfacial motions; they are smaller than the threshold value of micromo-
tion required in the formation of a fibrous tissue layer. However, it is important
to note that in the idealised system used in this study, the offset at which the
load is applied is perhaps similar to that in a locking plate; devices with larger
offset (e.g. unilateral fixators) will result in much larger forces at the bone-screw
interface. Moreover it has been previously shown that deformations increase
nonlinearly as the external plate/frame bends (MacLeod et al., 2016), a phe-
nomenon not included in this study. Only 500 cycles were applied (as nonlinear
simulation takes considerable computational resources), however the trends
show the separation continues to increase. While the maximum and minimum
principal strains are generally lower than the typically reported values of yield
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they are not too far from yield values after 500 cycles of load application, par-
ticularly for the lowest BV/TV sample considered. It is also important to note
that while minimum principal strain occurs primarily in the direction radial to
the screw that maximum principal strain is in the hoop direction. Steiner et al.
(2016) reported that bone damage may occur due to the screw insertion pro-
cess itself, and the most bone damage occurs within a 300µm radial distance
of the screws. In this study, it is assumed that the screw is inserted into bone
without any damage. Consequently, this study is valid with respect to trends
rather than actual quantitative values.
Current study is more advanced compared to conventional FEA on bone-
screw interface mechanics in which only time-independent material properties
that are either elastic (Goffin et al., 2013; MacLeod et al., 2012) or inelas-
tic (Donaldson et al., 2012; Pankaj, 2013) are assigned to bone. However, it
does not consider a full bone fixator construct or the influence of healing. Im-
portance of time-dependent effects at bone-screw interface was discussed at
least a couple of decades ago (Taylor and Tanner, 1997), but these have not
been previously included in models due to lack of experimental data and ab-
sence of time dependent constitutive models for bone. The developed nonlin-
ear viscoelastic-viscoplastic constitutive models permit simulation of time and
cycle dependent response to be included in the analysis of bone screw sys-
tems.
9.6 Limitations
This study has a few limitations. A single frequency of 1 Hz was used. It shows
that the quantitative results will vary with the choice of frequency from Chapter,
however, the trends in the frequency range that are not too dissimilar to the one
selected here are likely to be maintained. A clear trend was found with variation
in BV/TV, but only three samples were considered. So while it is expected that
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the trend to be generally followed we deliberately did not develop a relation-
ship with respect to BV/TV. Previous studies on time-independent mechanical
properties of bone have shown that in addition to BV/TV, microstructure plays
an important role. Microstructure may have a role in time-dependent properties
as well (Steiner et al., 2015; Zysset, 2003). As the focus of this study was to
examine the radial separation at the bone-screw interface and not slippage due
to pull-out forces, screw threads were not included. Screw threads are likely to
reduce loosening due to slippage when pull-out or push-in forces are applied.
One the other hand, they generate stress/strain concentrations at the inter-
face which will may also accentuate loosening. Only 500 cycles were applied,
larger number of cycles will increase the predicted separation. Lastly, in this
study, time-independent elastic material properties were employed for cortical
bone and screw; the time-dependent effect on screw is negligible, but corti-
cal bone too will have time-dependent behaviour. Inclusion of time-dependent
behaviour for cortical bone is likely to accentuate screw loosening even further.
9.7 Conclusions
• The developed nonlinear viscoelastic-viscoplastic constitutive models (for
trabecular bone in this thesis) permit simulation of time and cycle depen-
dent response to be included in the analysis of bone screw systems.
• Bone-screw system interfacial deformation in the bone increases with
cycle number.
• The use of nonlinear viscoelastic-viscoplastic model results in larger de-
formations, some of which are irreversible.
• Interfacial deformations increase with increasing bone porosity indicating
that osteoporotic patients are at a greater risk of loosening of implants.




Conclusions and recommendation for
future work
The primary aims of this study were to evaluate the mechanical properties
of trabecular bone and its constituents, in particular their time-dependent be-
haviour. It considered creep and recovery behaviour of untreated and dem-
ineralised bone, cyclic behaviour for both tension and compression for dem-
ineralised bone and the monotonic behaviour of deproteinised bone. Later, the
developed time-dependent constitutive models for trabecular bone were used
to examine the mechanical environments of bone-screw interface when a cyclic
loading subjects to idealised bone-screw system.
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10.1 Untreated trabecular bone
The deformation of bone when subjected to loads is not instantaneous but
varies with time. To investigate this time-dependent behaviour, trabecular bone
specimens were subjected to compressive loading, creep, unloading and re-
covery at multiple load levels corresponding to apparent strains of 2,000-25,000
µε. It is found that: the time-dependent response of trabecular bone comprises
of both recoverable and irrecoverable strain; the strain response is nonlinearly
related to applied load levels; and the response is linked to bone volume frac-
tion. Although majority of strain is recovered after load-creep-unload-recovery
cycle, some residual strain always exists even after loading and unloading at
low stress (or corresponding strain) level. The analysis of results indicates
that trabecular bone becomes stiffer initially and then experiences stiffness re-
duction with increasing load levels. Steady state creep rate was found to be
dependent on applied stress level and bone volume fraction with a power law
relationship.
The first cycle of MLCUR experiment was assumed to be linear viscoelas-
tic, and the corresponding parameters were obtained by fitting the experimen-
tal creep strain response to a generalised Kelvin-Voigt rheological model. Its
time-dependent response was found to vary nonlinearly with stress and conse-
quently the Schapery’s nonlinear viscoelastic constitutive model was employed
to describe the nonlinear behaviour of trabecular bone. Viscoplastic models
were used to describe the irrecoverable strain. These parameters, including
linear viscoelastic, nonlinear viscoelastic and viscoplastic parameters, incor-
porated in a finite element program by coding a user defined material (UMAT)
subroutine. The comprehensive nonlinear viscoelastic-viscoplastic model for
the trabecular bone allows more realistic simulation of whole bone finite ele-
ment models to address clinically relevant problems.
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10.2 Demineralised trabecular bone
Trabecular bone is a cellular composite material comprising primarily of min-
eral and organic phases with their content ratio known to change with age.
Therefore, the contribution of the constituents on bones’ mechanical behaviour,
in tension and compression, at varying load levels and with changing porous
structure (which deteriorates with age) is of great interest, but remains un-
known.
Firstly, the mechanical response of demineralised bone was investigated by
subjecting samples to fully-reversed cyclic tension-compression at varying load
levels. It was found that the tension to compression response of the organic
phase of trabecular bone is asymmetric; it stiffens in tension and undergoes
stiffness degradation in compression. The results indicate that demineralised
trabecular bone struts experience inelastic buckling under compression while
irreversible strains are less visible in tension. Further, the trend of the asym-
metric mechanical response is associated to the original BV/TV. It is antici-
pated that this study will help in the understanding of non-traumatic fractures
in the elderly.
Although it has been reported that its organic phase contributes to time-
dependent behaviour of bone, but the insight on time-dependent behaviour of
organic phase is limited, especially for trabecular bone. The time-dependent
response of demineralised trabecular bone was investigated by subjecting it
to tensile MLCUR loading. It is clear that demineralised trabecular bone pos-
sesses time-dependent behaviour and it is nonlinearly related to its applied
stress levels. It also stiffens with increased stress levels. The results also indi-
cated that its time-dependent behaviour is reasonably associated to its original
bone volume fraction (BV/TV); while irrecoverable strain exists even at the low
strain levels, but they are not associated with BV/TV. Further, it is also found
that the nonlinear viscoelastic model can accurately predict time-dependent
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behaviour of bones organic phase, which can be incorporated together with
properties of mineral to generate the composite model of bone. It will help and
provide the better understanding of this natural composite material.
10.3 Deproteinised trabecular bone
Deproteinised trabecular bone shows a linear elastic behaviour up to its peak
stress when it is loaded monotonically, and it shows brittle failure with failure
strain less than 1%. The elastic modulus of deproteinised trabecular bone is
smaller than untreated trabecular bone and it is reasonably well related to its
BV/TV. The toughness is strongly related to its BV/TV and denser bone has
better ability to absorb energy.
The compressive mechanical properties of demineralised samples can be
modelled using the Gibson’s constitutive equations for open-cell cellular solids;
both relative elastic modulus and compressive strength increase with relative
density.
10.4 Application of the developed models
The developed time-dependent constitutive models were assigned to the tra-
becular bone in an idealised bone-screw system, which was subjected to tri-
angular cyclic loading at designated loading frequencies.
It is clear that the deformation at the bone-screw interface is a function
of loading cycles; the deformation increases with increasing cycle numbers,
which might accentuate screw loosening. When the bone-screw system is
loaded at the different loading frequencies, the time-dependent effect domi-
nates in the initial cycles with larger displacements at lower loading frequen-
cies. With increasing loading cycles, dynamic effects dominate, higher loading
frequencies result in higher displacement at the interface; this is true for both
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loading and unloading phases, and the displacement is accumulated with load-
ing cycles.
When the trabecular bone defined as nonlinear viscoelastic-viscoplastic
material in a bone-screw system, bone displacement is a function of cycles and
interfacial displacement is highly related to bones BV/TV for loading, unload-
ing and recovery phases. Bone accumulates more plastic deformation if it has
lower BV/TV, which will cause the screw hole size to increase with increasing
loading cycles and the increase in deformation is larger for more porous bone.
The results indicated that the patients with porous bone (e.g. due to osteo-
porosis) are at a higher risk of screw loosening. This finding is likely to apply
to a range of orthopaedic implants and is not limited to bone-screw systems.
10.5 Future work
• Further experimental tests on trabecular bone at the higher and lower
strain rate are necessary to calibrate the strain development during load-
ing phase in a MLCUR testing protocol. Moreover dynamic tests will help
calibrate behaviour at difference.
• The current study considered the relationships between time-dependent
properties and BV/TV. Previous studies have shown that time-independent
properties, such as elastic modulus, are not only based on BV/TV but
other indices of microstructure. So further studies should explore rela-
tionships between time-dependent properties and a wider spectrum of
microstructural indices. It is very likely that time-dependent response will
have elements on anisotropy which this exploration will reveal.
• Tests that explore demineralised and deproteinised bone at their solid
phase constituent level will help complement tests conducted in this study
and further development of composite models.
174 Chapter 10. Conclusions and recommendation for future work
• Time-dependent models developed in this study were employed for an
idealised screw-bone system. Their application to bone-implant systems,
for both fracture-fixation and joint replacement, should be explored. Fur-
ther, the current models ignore any changes occurring at the interface
due to biological processes. Incorporation of biology in the current mod-
els will lead to a comprehensive approach that includes mechanics and
biology.
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A
Linear viscoelastic analysis of
bone-screw system
The displacement contour plots for BV/TV = 25% & 35 % are shown in Fig.
A.1 and A.2. Those displacement contour plots were superimposed with un-
deformed geometry and exaggerated by 50 times for better visualisation.
It is clear that the observations from BV/TV = 15 % were true for other two
BV/TV investigated, including 25 % and 35 %. Additionally, if the bone-screw
system to be loaded at the same frequencies for same cycles, obviously, the
lower peak displacement was observed in the model with higher BV/TV for




Figure A.1: Displacement contours (µm) against loading frequencies at




Figure A.2: Displacement contours (µm) against loading frequencies at at
the loaded (a) and unloaded (b) phase for BV/TV = 35%.

B
Nonlinear time-dependent analysis of
bone-screw system
Contact opening contours for all 6 models at peak loading time point (Cycle
500), zero loading time point (Cycle 500) and recovery after 1000 s are shown
in Fig. B.1, which can help understand the separation events at the bone-screw
interface after the system is subjected to cyclic loading.
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Figure B.1: Comparison of contact opening contours (µm) for all 6 models
at peak loading time point (Cycle 500) (a), zero loading time point (Cycle 500)
(b) and recovery after 1000 s (c).
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